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SPIN- VALVE THIN-FILM MAGNETIC ELEMENT WITHOUT SENSING 
CURRENT SHUNT AND THIN-FILM MAGNETIC HEAD INCLUDING THE SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to spin-valve thin-film 
magnetic elements f thin-film magnetic heads , floating 
magnetic heads , and methods for making the spin-valve thin- 
film magnetic elements. In particular , the present 
invention relates to a technology for preventing a sensing 
current shunt in a spin-valve thin- film magnetic element in 
order to reduce side reading. 

2. Description of the Related Art 

Spin-valve thin-film magnetic elements are a type of 
giant magnetoresistive element (GMR) exhibiting a giant 
magnetoresistive effect and detecting recording magnetic 
fields from recording media such as a hard disk. 

The spin-valve thin-film magnetic elements have 
relatively simple structures and high rates of changes in 
resistance to external magnetic fields and exhibit high 
sensitivity to weak magnetic fields. 

Fig. 19 is a cross-sectional view of a conventional 
dual spin-valve thin-film magnetic element viewed from the 
air-bearing surface (ABS) which faces a recording medium. 
In this element , a nonmagnetic conductive layer, a pinned 
magnetic layer, and an antif erromagnetic layer are deposited 
on each of two sides of a free magnetic layer. In Fig. 19, 



in 
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the recording medium such as a hard disk moves in the Z 
direction and generates a leakage magnetic field in the Y 
direction. 

The conventional spin-valve thin-film magnetic element 
301 shown in Fig. 19 includes a substrate 302 and a laminate 
312 formed on the substrate 302. The laminate 312 includes 
an underlayer 303 composed of Ta or the like, a first 
y, antiferromagnetic layer 304, a first pinned magnetic layer 

q 305 , a first nonmagnetic conductive layer 306 composed of Cu 

or the like, a free magnetic layer 307 , a second nonmagnetic 
conductive layer 308 composed of Cu or the like, a second 
^ pinned magnetic layer 309, a second antiferromagnetic layer 

Jf 310, and a protective film 311 from the bottom. A pair of 

W hard bias layers 332 is formed on both sides of the laminate 

y 

O 312, and a pair of lead layers 334 is formed on the hard 

bias layers 332. The hard bias layers 332 are composed of a 
CoPt alloy or the like and the lead layers 334 are composed 
of Cu or the like. 

The first pinned magnetic layer 305 is a laminate of a 
first pinned ferromagnetic sublayer 3 05a, a first 
nonmagnetic interlayer 305b, and a second pinned 
ferromagnetic sublayer 305c. The second pinned 
ferromagnetic sublayer 305c is thicker than the first pinned 
ferromagnetic sublayer 305a. 

The first pinned ferromagnetic sublayer 305a is 
magnetically coupled with the first antiferromagnetic layer 
304. Thus, the magnetic moment of the first pinned 
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ferromagnetic sublayer 3 05a is pinned in the Y direction. 
Furthermore, the second pinned ferromagnetic sublayer 305c 
is antiferromagnetically coupled with the first pinned 
ferromagnetic sublayer 305a. Thus, the magnetic moment of 
the second pinned ferromagnetic sublayer 3 05c is pinned in 
the opposite direction of the Y direction. 

As described above, the magnetic moments of the first 
pinned ferromagnetic sublayer 305a and the first nonmagnetic 
interlayer 3 05b are antiparallel and mutually counteract 
each other. Since the second pinned ferromagnetic sublayer 
305c is thicker than the first pinned ferromagnetic sublayer 
305a, a small magnetic moment remains in the second pinned 
ferromagnetic sublayer 3 05c. Thus, the overall magnetic 
moment of the first pinned magnetic layer 305 is pinned in 
the opposite direction of the Y direction in the drawing. 

The second pinned magnetic layer 309 is a laminate of a 
third pinned ferromagnetic sublayer 3 09a, a second 
nonmagnetic interlayer 309b, and a fourth pinned 
ferromagnetic sublayer 309c. The third pinned ferromagnetic 
sublayer 309a is thicker than the fourth pinned 
ferromagnetic sublayer 309c. 

The fourth pinned ferromagnetic sublayer 309c is 
magnetically coupled with the second antif erromagnetic layer 
310. Thus, the magnetic moment of the fourth pinned 
ferromagnetic sublayer 309c is pinned in the opposite 
direction of the Y direction. Furthermore, the third pinned 
ferromagnetic sublayer 309a is antiferromagnetically coupled 



with the fourth pinned ferromagnetic sublayer 309c. Thus, 
the magnetic moment of the third pinned ferromagnetic 
sublayer 309a is pinned in the Y direction. 

The magnetic moment of the third pinned ferromagnetic 
sublayer 309a and the magnetic moment of the fourth pinned 
ferromagnetic sublayer 3 09c also mutually counteract each 
other in the second pinned magnetic layer 309. Since the 
third pinned ferromagnetic sublayer 309a is thicker than the 
fourth pinned ferromagnetic sublayer 309c, a magnetic moment 
remains in the third pinned ferromagnetic sublayer 309a. 
Thus, the overall magnetic moment of the second pinned 
magnetic layer 309 is pinned in the Y direction in the 
drawing . 

The first pinned ferromagnetic sublayer 305a and the 
second pinned ferromagnetic sublayer 305c in the first 
pinned magnetic layer 3 05 and the third pinned ferromagnetic 
sublayer 309a and the fourth pinned ferromagnetic sublayer 
309c in the second pinned magnetic layer 309 are 
antif erromagnetically coupled with each other. Moreover, 
each of the second pinned ferromagnetic sublayer 305c and 
the third pinned ferromagnetic sublayer 309a has a residual 
magnetic moment. Accordingly, the first pinned magnetic 
layer 3 05 and the second pinned magnetic layer 309 exhibit a 
synthetic f errimagnetic state. 

The free magnetic layer 3 07 is a laminate of a first 
antidif fusion sublayer 307a composed of Co or the like, a 
free ferromagnetic layer 307b composed of a NiFe alloy, and 



a second antidif fusion sublayer 307c composed of Co or the 
like- The first antidif fusion sublayer 307a and the second 
antidif fusion sublayer 307c prevent mutual diffusion between 
the first nonmagnetic conductive layer 3 06 and the second 
nonmagnetic conductive layer 308. 

The magnetic moment of the free magnetic layer 307 is 
oriented in the X x direction (track width direction) in the 
drawing by a bias magnetic field from the hard bias layers 
332. Accordingly , the magnetic moment of the free magnetic 
layer 3 07 is substantially orthogonal to the magnetic moment 
of the first pinned magnetic layer 305 and the magnetic 
moment of the second pinned magnetic layer 309. 

The lead layers 334 on the hard bias layers 332 extend 
from both sides to the center of the laminate 312 in the X x 
direction (track width direction), and partly overhang on 
the both end portions of the laminate 312 in the track width 
direction to form overlay sections 334a thereof. These 
overlay sections 3 34a are distant from each other at a 
distance Tw on the laminate 312. 

The first ant if erromagnetic layer 3 04 extends towards 
both sides in the X x direction (track width direction) 
compared to the first pinned magnetic layer 305 and the free 
magnetic layer 307 to form protrusions 304a. The 
protrusions 304a and the hard bias layers 332 are separated 
by bias underlayers 331 composed of Ta, W, or Cr. The hard 
bias layers 332 and the lead layers 334 are separated by 
interlayers 333 composed of Ta, W, or Cr. 




In this spin-valve thin-film magnetic element 301, the 
lead layers 334 supply a sensing current to the laminate 312, 
The magnetic moment of the free magnetic layer 307 varies 
from the X x direction to the Y direction in response to a 
leakage magnetic field in the Y direction from a magnetic 
recording medium. The electrical resistance of the element 
changes in connection with the relationship between the 
change in the magnetic moment of the free magnetic layer 307 
and the magnetic moments of the first and second pinned 
magnetic layer 305 and 309, respectively. This effect is 



m 

? called a magnetoresistive effect (MR effect). The leakage 

** magnetic field from the magnetic recording medium is 

tf detected as a change in voltage caused by the change in 

Q 

electrical resistance. 

y 

O in this spin-valve thin-film magnetic element 301 , the 

sensing current primarily flows into the laminate 312 from 
the lead layers 334 via the vicinities of the edges 334b of 
the overlay sections 33 4a, as shown in Fig. 19. Thus, in 
the laminate 312, the sensing current is concentrated in the 
central region which is not covered by the overlay sections 
334a. This central region, therefore, exhibits a noticeable 
MR effect and high detection sensitivity to the leakage 
magnetic field from the magnetic recording medium. This 
central region is referred to as a sensitive region S. 

In contrast, in regions covered by the overlay sections 
334a, the sensing current is extremely low compared with the 
sensitive region S. These regions exhibit a poor MR effect 
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and thus low detection sensitivity to the leakage magnetic 
field. These regions are referred to as insensitive regions 
N. 

As described above, the overlay sections 334a form the 
sensitive region S which contributes to reading the 
recording magnetic field from the magnetic recording medium 
and the insensitive regions N which do not contribute to the 
reading. The width Tw of the sensitive region S corresponds 
to the track width of the spin-valve thin-film magnetic 
element 301. In other words, the track width of the spin- 
valve thin-film magnetic element 301 can be reduced by 
providing the overlay sections 334a. 

In such a configuration, however, the sensing current 
includes a shunt component J2 which flows into the laminate 
312 from the base portion 334c of one overlay section 334a 
and a shunt component J3 which flows into other layers at 
the substrate side from one lead layer 334 via the 
corresponding hard bias layer 332. These shunt currents J2 
and J3 are not negligible. 

These shunt currents J2 and J3 generate a change in 
magnetoresistance in the insensitive regions N. These 
insensitive regions N generate signals on the recording 
track of the magnetic recording medium. 

When the width of the recording tracks and the distance 
between the recording tracks are reduced to increase 
recording density, side reading in which signals on the 
adjoining recording tracks are read out occurs during 



reading the signals which are read out in the sensitive 
region S. Such side reading may adversely affect as noise 
to the output signal and may produce erroneous results. 

Furthermore, essential requirements for spin-valve 
thin-film magnetic elements are improvements in output 
characteristics and sensitivity. 

SUMMARY OF THE INVENTION 

It is objects of the present invention to provide the 
following: 

(1) a spin-valve thin-film magnetic element exhibiting 
improved output characteristics; 

(2) a spin-valve thin-film magnetic element which does 
not generate side reading; and 

(3) a method for making the spin-valve thin-film 
magnetic element. 

According to an aspect of the present invention , a 
spin-valve thin-film magnetic element comprises: a laminate 
comprising at least a free magnetic layer and a pinned 
magnetic layer and exhibiting a magnetoresistive effect; a 
pair of hard bias layers lying at least on both sides of the 
free magnetic layer in the track width direction and 
orienting the magnetic moment of the free magnetic layer in 
one direction; a pair of insulating layers extending over 
the hard bias layers and both ends of the laminate in the 
track width direction; and a pair of lead layers extending 
on said pair of insulating layers, wherein said pair of lead 




layers have overlay sections which extend towards the center 
of the laminate and are in direct contact with parts of the 
laminate. 

According to the spin-valve thin-film magnetic element 
of the present invention , only the edges of the overlay 
sections of the lead layers are in contact with the laminate 
and the other portions of the lead layers are insulated from 

I* the laminate and the hard bias layers. Thus, the insulating 

n 

p layers lying at both sides of the laminate in the track 
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width direction block the detecting current shunt. Since 
the detecting current exclusively flows into the laminate 
through the edge of one of the overlay sections, the both 
ends of the laminate do not exhibit a magnetoresistive 
H effect. Accordingly, the spin-valve thin-film magnetic 

element does not exhibit side reading. 

Preferably, the width of the edge of each of the 
overlay sections in the track width direction is in the 
range of 0.01 \m to 0.05 nm. 

Each lead layer and the laminate thereby have a large 
contact area which decreases the contact resistance at the 
edge and conducts a large sensing current to the laminate. 

Preferably, the insulating layers comprise at least one 
oxide selected from the group consisting of aluminum oxide, 
silicon oxide, tantalum oxide, titanium oxide, zirconium 
oxide, hafnium oxide, chromium oxide, vanadium oxide, and 
niobium oxide. 

Preferably, each of the insulating layers has a 
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thickness in the range of 0.5 nm to 20 nm. 

The above material and the thickness ensure blocking 
the sensing current shunt at both ends of the laminate in 
the track width direction, thus preventing side reading of 
the spin-valve thin-film magnetic element. 

Preferably , each of the overlay sections has a 
thickness in the range of 0.1 nm to 0.3 [im in the track 

jM> width direction. 

€3 

p By this width of the overlay sections, the both ends of 



the free magnetic layer of wjiich the magnetic moment is 

O .... 

fixed by a hard bias magnetic field function as insensitive 



3 



regions having substantially the same width as the width of 
the overlay sections, improving the reading sensitivity of 
the spin-valve thin-film magnetic element. 

Preferably, the laminate comprises the free magnetic 
layer, a nonmagnetic conductive layer, and an 
ant if erromagnetic layer, for pinning the magnetic moment of 
the pinned magnetic layer by an exchange coupling magnetic 
field, which are deposited in that order. 

The laminate may comprise a nonmagnetic conductive 
layer, the pinned magnetic layer, and an ant if erromagnetic 
layer, for pinning the magnetic moment of the pinned 
magnetic layer by an exchange coupling magnetic field, which 
are deposited, in that order, on each of the two sides of 
the free magnetic layer in the thickness direction. 

More preferably, the free magnetic layer exhibits a 
synthetic f errimagnetic state. An exemplary free magnetic 
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layer having the synthetic f errimagnetic state is a laminate 
of at least two ferromagnetic layers and at least one 
nonmagnetic interlayer disposed therebetween. In such a 
configuration, the magnetic moments of the adjacent two 
ferromagnetic layers are antiparallel to each other and the 
overall free magnetic layer exhibits the f errimagnetic state. 

Preferably, the pinned magnetic layer exhibits a 
synthetic f errimagnetic state. An exemplary pinned magnetic 
layer having the synthetic f errimagnetic state is a laminate 
of at least two ferromagnetic layers and at least one 
nonmagnetic interlayer disposed therebetween. In such a 
configuration, the magnetic moments of the adjacent two 
ferromagnetic layers are antiparallel to each other and the 
overall pinned magnetic layer exhibits the f errimagnetic 
state. 

According to another aspect of the present invention, a 
thin-film magnetic head comprises the above spin-valve thin- 
film magnetic element, the spin-valve thin-film magnetic 
element functioning as a read element for magnetically 
recorded information . 

This thin-film magnetic head including the spin-valve 
thin-film magnetic element according to the present 
invention as a read element exhibits high read output for 
recorded information and a low possibility of side reading 
head. 

According to another aspect of the present invention, a 
floating magnetic head comprises a slider and the above 



thin-film magnetic head. 

This floating magnetic head exhibits high read output 
for magnetic information and a low possibility of side 
reading. 

According to another aspect of the present invention , a 
method for making a spin-valve thin-film magnetic element 
comprises: a laminate forming step comprising: forming a 
laminate including at least a free magnetic layer and a 
pinned magnetic layer on a substrate, forming a first lift- 
off resist layer on the laminate, the first lift-off resist 
layer having a pair of side faces and a pair of incisions 
which are provided on the laminate at both sides in the 
track width direction such that the pair of incisions lies 
between the side faces and a contact face which is in 
contact with the laminate, and irradiating the laminate with 
etching particles so as to etch the entirety or a part of 
the layers constituting the laminate lying at the outer 
region of each of the side faces of the first lift-off 
resist layer in the track width direction, the laminate 
thereby substantially having a trapezoidal cross-section; a 
bias layer forming step for depositing first sputtering 
particles on the two sides of the laminate at a sputtering 
angle Q x with respect to the substrate to form a pair of hard 
bias layers up to at least the level of the free magnetic 
layer; an insulating layer forming step for depositing 
second sputtering particles at a sputtering angle 8 2 r wherein 
8 2 > 0 2 , with respect to the substrate to form a pair of 
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insulating layers which extend over the hard bias layers and 
the laminate in the incisions; a second resist layer forming 
step comprising: removing the first lift-off resist layer , 
and forming a second lift-off resist layer substantially in 
the center of the upper face of the laminate , the second 
lift-off resist layer having a contact face which is 
narrower than that of the first lift-off resist layer, a 
pair of side faces provided in the track width direction, 
and a pair of incisions, each incision provided between the 
corresponding side face and the contact face; and a lead 
layer forming step for depositing third sputtering particles 
to form a pair of lead layers which extends over the 
insulating layers and the laminate in the incisions of the 
second lift-off resist layer. 

As described above, the insulating layers are deposited 
on the laminate in the incisions of the first lift-off 
resist layer at the sputtering angle 8 2 and the lead layers 
are deposited on the laminate in the incisions of the second 
lift-off resist layer. The insulating layers extend on the 
both ends of the laminate in the track width direction and 
the lead layers further extend toward the center of the 
laminate and are in contact with the laminate. The 
resulting spin-valve thin-film magnetic element does not 
exhibit side reading. 

After the second lift-off resist layer is removed, the 
laminate in the incisions may be partly etched by being 
irradiated with second etching particles. 
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This etching process cleans the faces of the laminate 
which will be in contact with the lead layers and ensures 
close contact between the lead layers and the laminate. 
Thus, the sensing current effectively flows into the 
laminate. 

Preferably, the sputtering angle 6 X is in the range of 
60° to 90° and the sputtering angle 6 2 is in the range of 40° 
to 80°. 

Since the sputtering angle 9 2 during the formation of 
the insulating layers is smaller than the sputtering angle 8 X 
during the formation of the hard bias layers, the insulating 
layers are formed on the laminate in the incisions of the 
first lift-off resist layer. Thus, the sensing current 
shunt is effectively prevented. 

According to another aspect of the present invention, a 
method for making a spin-valve thin-film magnetic element 
comprises: a laminate forming step comprising: forming a 
laminate including at least a free magnetic layer and a 
pinned magnetic layer on a substrate, forming a first lift- 
off resist layer on the laminate, the first lift-off resist 
layer having a pair of side faces and a pair of incisions 
which are provided on the laminate at both sides in the 
track width direction such that the pair of incisions lie 
between the side faces and a contact face which is in 
contact with the laminate, and irradiating the laminate with 
etching particles so as to etch the entirety or a part of 
the layers constituting the laminate lying at the outer 
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region of each of the side faces of the first lift-off 
resist layer in the track width direction, the laminate 
thereby substantially having a trapezoidal cross-section; a 
bias layer forming step for depositing first sputtering 
particles on the two sides of the laminate to form a pair of 
hard bias layers up to at least the level of the free 
magnetic layer; a second resist layer forming step 
comprising: removing the first lift-off resist layer, and 
forming a second lift-off resist layer substantially in the 
center of the upper face of the laminate, the second lift- 
off resist layer having a contact face which is narrower 
than that of the first lift-off resist layer, a pair of side 
faces provided in the track width direction, and a pair of 
incisions, each incision provided between the corresponding 
side face and the contact face; an insulating layer forming 
step for depositing second sputtering particles at a 
sputtering angle 6 3 with respect to the substrate to form a 
pair of insulating layers which extend over the hard bias 
layers and the laminate lying at the outer regions of the 
side faces of the second lift-off resist layer in the track 
width direction; and a lead layer forming step for 
depositing third sputtering particles at a sputtering angle 
8 4 , wherein 6 3 > 6 4 , with respect to the substrate to form a 
pair of lead layers which extends over the insulating layers 
and the laminate in the incisions of the second lift-off 
resist layer. 

As described above, the insulating layers are deposited 



on the outer regions of the both sides of the second lift- 
off resist layer in the track width direction at the 
sputtering angle 0 3 with respect to the substrate and the 
lead layers are deposited on the laminate in the incisions 
of the second lift-off resist layer at the sputtering angle 
8 4 . The insulating layers extend on the both ends of the 
laminate in the track width direction and the lead layers 
further extend toward the center of the laminate and are in 
contact with the laminate. The resulting spin-valve thin- 
film magnetic element does not exhibit side reading. 

After the insulating layers are formed , the laminate in 
the incisions of the second lift-off resist layer may be 
partly etched by being irradiated with other etching 
particles . 

This etching process cleans the faces of the laminate 
which will be in contact with the lead layers and ensures 
close contact between the lead layers and the laminate. 
Thus, the sensing current effectively flows into the 
laminate. 

Preferably, the sputtering angle 6 3 is in the range of 
60° to 90° and the sputtering angle 6 4 is in the range of 40° 
to 80°. 

Since the sputtering angle 6 4 during the formation of 
the lead layers is smaller than the sputtering angle 8 3 
during the formation of the insulating layers, the lead 
layers are formed in the incisions of the first lift-off 
resist layer. Thus, the lead layers securely come into 
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contact with the laminate. 

According to another aspect of the present invention , a 
spin-valve thin-film magnetic element comprises: a 
substrate; a laminate on the substrate, the laminate 
comprising at least a free magnetic layer and a pinned 
magnetic layer and exhibiting a magnetoresistive effect; a 
pair of hard bias layers lying at least on both sides of the 

M free magnetic layer in the track width direction and 

O 

Q orienting the magnetic moment of the free magnetic layer in 

Iff one direction; a pair of lead layers lying at least on the 

O 

jq hard bias layers; and a pair of insulating layers, each 

I lying at least between one side face of the laminate in the 

C track width direction and each hard bias layer, wherein the 

pair of lead layers have overlay sections which extend on 
parts of the laminate, the edges of the overlay sections 
being in contact with the laminate. 

According to the spin-valve thin-film magnetic element 
of the present invention, the sides of the laminate are 
insulated from the hard bias layers and the lead layers by 
the insulating layers. Thus, the insulating layers lying at 
both sides of the laminate in the track width direction 
block the detecting current shunt. Since the detecting 
current exclusively flows into the laminate through the edge 
of one of the overlay sections, the both ends of the 
laminate do not exhibit a magnetoresistive effect. 
Accordingly, the spin-valve thin-film magnetic element does 
not exhibit side reading. 



?y 

s 
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Preferably, each of the insulating layers has a 
thickness in the range of 0.5 nm to 5 nm at the side faces 
of the laminate. 

At a thickness less than 0.5 nm, pinholes would be 
formed in the insulating layers. At a thickness exceeding 5 
nm, the insulating layers shield the bias magnetic field 
from the hard bias layers and the magnetic moment of the 
free magnetic layer may not be oriented in a predetermined 
direction. 

Preferably, the insulating layers comprise at least one 
oxide selected from the group consisting of aluminum oxide, 
silicon oxide, tantalum oxide, titanium oxide, zirconium 
oxide, hafnium oxide, chromium oxide, vanadium oxide, and 
niobium oxide. 

The above material ensures blocking the sensing current 
shunt at both ends of the laminate in the track width 
direction, thus preventing side reading of the spin-valve 
thin-film magnetic element. 

Preferably, the insulating layers further extend 
between the hard bias layers and the substrate. The sensing 
current shunt into the laminate from one lead layer through 
the corresponding hard bias layer is thereby prevented. 

Preferably, the hard bias layers and the insulating 
layers are separated by bias underlayers . The hard bias 
layers formed on the bias underlayers have a large coercive 
force and a large remanence ratio, thus increasing a bias 
magnetic field which is required for a single-domain 



alignment of the free magnetic layer. 

Preferably , the insulating layers further extend on the 
top ends of the laminate in the track width direction , and 
the overlay sections of the leads extend toward the center 
of the laminate compared with the insulating layers and are 
in contact with the laminate. Only the edges of the overlay 
sections are in contact with the laminate and other portions 
of the lead layers are insulating from the laminate and the 
hard bias layers by the insulating layers. Since the 
sensing current shunt is blocked by the insulating layers , 
the sensing current exclusively flows into the laminate from 
the edge of one of the overlay sections, thus preventing 
side reading of the spin-valve thin-film magnetic element. 

Preferably , the insulating layers have a thickness in 
the range of 0.5 nm to 20 nm at top ends of the laminate. 
The insulating layers securely block the sensing current 
shunt to the ends of the laminate in the track width 
direction , securely preventing side reading. 

Preferably, the edges of the overlay sections in the 
track width direction have a thickness in the range of 0.01 
to 0.05 (im in the track width direction. Since the lead 
layers are in contact with the laminate at large areas, the 
contact resistance therebetween is reduced. Thus, a large 
detecting current flows into the laminate. 

Preferably, the edges of the overlay sections in the 
track width direction have a thickness in the range of 0.1 
jxm to 0.3 nm. The ends of the free magnetic layer of which 



the magnetic moment is fixed by the hard bias magnetic field 
function as insensitive regions having the same width as 
that of the overlay sections, improving the read sensitivity. 

preferably, the laminate comprises the free magnetic 
layer, a nonmagnetic conductive layer, and an 
antiferromagnetic layer, for pinning the magnetic moment of 
the pinned magnetic layer by an exchange coupling magnetic 
field, which are deposited in that order. 

The laminate may comprise a nonmagnetic conductive 
layer, the pinned magnetic layer, and an antiferromagnetic 
layer, for pinning the magnetic moment of the pinned 
magnetic layer by an exchange coupling magnetic field, which 
are deposited, in that order, on each of the two sides of 
the free magnetic layer in the thickness direction. 

More preferably, the free magnetic layer exhibits a 
synthetic f errimagnetic state. An exemplary free magnetic 
layer having the synthetic f errimagnetic state is a laminate 
of at least two ferromagnetic layers and at least one 
nonmagnetic interlayer disposed therebetween. In such a 
configuration, the magnetic moments of the adjacent two 
ferromagnetic layers are antiparallel to each other and the 
overall free magnetic layer exhibits the f errimagnetic state. 

Preferably, the pinned magnetic layer exhibits a 
synthetic f errimagnetic state. An exemplary pinned magnetic 
layer having the synthetic f errimagnetic state is a laminate 
of at least two ferromagnetic layers and at least one 
nonmagnetic interlayer disposed therebetween. In such a 
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configuration, the magnetic moments of the adjacent two 
ferromagnetic layers are antiparallel to each other and the 
overall pinned magnetic layer exhibits the f errimagnetic 
state. 

Preferably, other insulating layers extend between the 
hard bias layers and the lead layers and to the ends of the 
laminate in the track width direction. The insulating 
layers reduce the sensing current shunt between the lead 
layers and the hard bias layers. Thus, the shunt from the 
sides of the laminate is more effectively prevented. These 
insulating layers and the above-mentioned insulating layer 
may have an integrated structure and may be composed of the 
same material. 

According to another aspect of the present invention, a 
thin-film magnetic head comprises the above mentioned spin- 
valve thin-film magnetic element, the spin-valve thin-film 
magnetic element functioning as a read element for 
magnetically recorded information. 

According to another aspect of the present invention, a 
floating magnetic head comprising a slider and the above- 
mentioned thin-film magnetic head. 

This thin-film magnetic head including the spin-valve 
thin-film magnetic element according to the present 
invention as a read element exhibits high read output for 
recorded information and a low possibility of side reading 
head. 

This floating magnetic head exhibits high read output 



m % 



for magnetic information and a low possibility of side 
reading. 

According to another aspect of the present invention , a 
method for making a spin-valve thin-film magnetic element 
comprises: a laminate forming step comprising: forming a 
laminate including at least a free magnetic layer and a 
pinned magnetic layer on a substrate, forming a first lift- 
off resist layer on the laminate, the first lift-off resist 
layer having a pair of side faces and a pair of incisions 
which are provided on the laminate at both sides in the 
track width direction such that the pair of incisions lies 
between the side faces and a contact face which is in 
contact with the laminate, and irradiating the laminate with 
first etching particles so as to etch the entirety or a part 
of the layers constituting the laminate lying at the outer 
region of each of the side faces of the first lift-off 
resist layer in the track width direction, the laminate 
thereby substantially having a trapezoidal cross-section; a 
first insulating layer forming step for depositing first 
sputtering particles at a sputtering angle 0 dl with respect 
to the substrate to form insulating layers which extend over 
the side faces of the laminate and the top ends of the 
laminate in the incisions; a bias layer forming step for 
depositing second sputtering particles on the two sides of 
the laminate at a sputtering angle 8 d2 , wherein 6 d2 > 6 dl , 
with respect to the substrate to form a pair of hard bias 
layers on the insulating layers up to at least the level of 



the free magnetic layer; a second resist layer forming step 
comprising: removing the first lift-off resist layer, and 
forming a second lift-off resist layer substantially in the 
center of the upper face of the laminate, the second lift- 
off resist layer having a contact face which is narrower 
than that of the first lift-off resist layer, a pair of side 
faces provided in the track width direction, and a pair of 
incisions, each incision provided between the corresponding 
side face and the contact face; and a lead layer forming 
step for depositing third sputtering particles to form a 
pair of lead layers which extends over the insulating layers 
and the laminate in the incisions of the second lift-off 
resist layer. 

In this method, after the second lift-off resist layer 
is removed, the laminate in the incisions may be partly 
etched by being irradiated with second etching particles. 
This etching process cleans the faces of the laminate which 
will be in contact with the lead layers and ensures close 
contact between the lead layers and the laminate. Thus, the 
sensing current effectively flows into the laminate. 

Preferably, the sputtering angle 0 dl is in the range of 
40° to 80° and the sputtering angle 9 d2 is in the range of 
60° to 90°. Since the sputtering angle 6 d2 for forming the 
insulating layers is smaller than the sputtering angle 6 d2 
for forming the hard bias layers, the insulating layers can 
be formed in the incisions of the first lift-off resist 
layer. Accordingly, the sensing current shunt can be 
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further decreased. 

Preferably, after the hard bias layers are deposited, 
fourth sputtering particles are deposited to form insulating 
layers on the hard bias layers. The insulating layers more 
effectively block the sensing current shunt from the lead 
layers to the hard bias layers. 

According to another aspect of the present invention, a 
method for making a spin-valve thin-film magnetic element 
comprises: a laminate forming step comprising: forming a 
laminate including at least a free magnetic layer and a 
pinned magnetic layer on a substrate, forming a first lift- 
off resist layer on the laminate, the first lift-off resist 
layer having a pair of side faces and a pair of incisions 
which are provided on the laminate at both sides in the 
track width direction such that the pair of incisions lies 
between the side faces and a contact face which is in 
contact with the laminate, and irradiating the laminate with 
etching particles so as to etch the entirety or a part of 
the layers constituting the laminate lying at the outer 
region of each of the side faces of the first lift-off 
resist layer in the track width direction, the laminate 
thereby substantially having a trapezoidal cross-section; a 
first insulating layer forming step for depositing first 
sputtering particles to form insulating layers which extend 
over the side faces of the laminate; a bias layer forming 
step for depositing second sputtering particles on the two 
side faces of the laminate to form a pair of hard bias 



layers up to at least the level of the free magnetic layer; 
a second resist layer forming step comprising: removing the 
first lift-off resist layer, and forming a second lift-off 
resist layer substantially in the center of the upper face 
of the laminate, the second lift-off resist layer having a 
contact face which is narrower than that of the first lift- 
off resist layer , a pair of side faces provided in the track 
M» width direction, and a pair of incisions, each incision 

a 

0 provided between the corresponding side face and the contact 

IT| face; and a second insulating layer forming step for 

O 

45 depositing third sputtering particles at a sputtering angle 

3 9 d3 with respect to the substrate to form a pair of 

insulating layers which extend over the hard bias layers and 
the laminate lying in the incisions of the second lift-off 
resist layer; and a lead layer forming step for depositing 
fourth sputtering particles at a sputtering angle 8 d4 , 
wherein 8 d3 > 6 d4 , with respect to the substrate to form a 
pair of lead layers which extends over the insulating layers 
and the laminate in the incisions of the second lift-off 
resist layer. 

Since the lead layers are formed over the laminate in 
the incisions of the second lift-off resist layer and the 
hard bias layers, the lead layers are in contact with the 
central portions of the laminate. The resulting spin-valve 
thin-film magnetic element does not generate side reading. 
The first and second insulating layers may be integrated or 
may be composed of the same material. 
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After the insulating layers are formed , the laminate in 
the incisions of the second lift-off resist layer may be 
partly etched by being irradiated with other etching 
particles . 

Preferably, the sputtering angle 6 d3 is in the range of 
60° to 90° and the sputtering angle 6 d4 is in the range of 
40° to 80°. Since the sputtering angle 6 d4 for forming the 

N» lead layers is smaller than the sputtering angle 8 d3 for 

O 

O forming the insulating layers, the lead layers can be formed 

M, 

Ul in the incisions of the second lift-off resist layer. 

O 

y3 Accordingly, the sensing current shunt can be further 

e - 

g decreased. 

a 

li BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic cross-sectional view of a spin- 
valve thin-film magnetic element in accordance with a first 
embodiment of the present invention; 

Fig. 2 is a perspective view of a floating magnetic 
head including the spin-valve thin-film magnetic element 
shown in Fig. 1; 

Fig. 3 is a cross-sectional view of a thin-film 
magnetic head including the spin-valve thin-film magnetic 
element shown in Fig. 1; 

Fig. 4 is a cross-sectional view showing a laminate 
forming step in a method for making the spin-valve thin-film 
magnetic element in accordance with the first embodiment of 
the present invention; 
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Fig. 5 is a cross-sectional view showing a laminate 
forming step subsequent to the step shown in Fig. 4; 

Fig. 6 is a cross-sectional view showing a hard bias 
layer forming step_subsequent to the step shown in Fig. 5; 

Fig. 7 is a cross-sectional view showing an insulating 
layer forming step subsequent to the step shown in Fig. 6; 

Fig. 8 is a cross-sectional view showing a second 
resist layer forming step subsequent to the step shown in 
Fig. 7; 



|fj Fig. 9 is a cross-sectional view showing an etching 

Q 

yg step subsequent to the steg_shown in Fig. 8; 

Fig. 10 is a cross-sectional view showing a lead layer 
forming step subsequent to the step shown in Fig. 9; 

Fig. 11 is a cross-sectional view showing a laminate 
forming step in another method for making a spin-valve thin- 
film magnetic element of the present invention; 

Fig. 12 is a cross-sectional view showing a laminate 
forming step subsequent to the step shown in Fig. 11; 

Fig. 13 is a cross-sectional view showing a hard bias 
layer forming step subsequent to the step shown in Fig. 12; 

Fig. 14 is a cross-sectional view showing a second 
resist layer forming step subsequent to the step shown in 
Fig. 13; 

Fig. 15 is a cross-sectional view showing an insulating 
layer forming step subsequent to the step shown, in Fig. 14; 

Fig. 16 is a cross-sectional view showing an etching 
step subsequent to the step shown in Fig. 15; 
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forming step subsequent to the step shown in Fig. 26; 

Fig. 28 is a cross-sectional view of a spin-valve thin- 
film magnetic element in accordance with a modification of 
the third embodiment of the present invention; 



Fig. 29 is a cross-sectional view showing a laminate 
forming step in another method for making the spin-valve 
thin-film magnetic element; 

Fig. 30 is a cross-sectional view showing a hard bias 
layer forming jstep subsequent to the step shown in Fig. 29; 

Fig. 31 is a cross-sectional view showing a second 
resist layer forming step subsequent to the step shown in 
Fig. 30; 

Fig. 32 is a cross-sectional view showing an insulating 
layer forming step subsequent to the step shown in Fig. 31; 

Fig. 33 is a cross-sectional view showing an etching 
step subsequent to the step shown in Fig. 32; 

Fig. 34 is a cross-sectional view showing a lead layer 
forming step subsequent to the step shown in Fig. 33; and 

Fig. 35 is a schematic cross-sectional view of a spin- 
valve thin-film magnetic element in accordance with a four th 
embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The embodiments of the present invention will now be 
described with Figs. 1 to 18 and 20 to 35. In these 
drawings, a magnetic recording medium moves in the Z 
direction, and a leakage magnetic field is generated from 





the magnetic recording medium in the Y direction. The X x 
direction represents the track width direction of the spin- 
valve thin-film magnetic element. 

First Embodiment 

Fig. 1 is a schematic cross-sectional view, when viewed 
from a magnetic recording medium, of a spin-valve thin-film 

H magnetic element 1 in accordance with a first embodiment of 

O 

Q the present invention. Fig. 2 shows a floating magnetic 

U1 head 350 having a thin-film magnetic head 300 which includes 

O 

2 the spin-valve thin-film magnetic element 1. Fig. 3 is a 

cross-sectional view of the main portion of the thin-film 



5 



magnetic head 300. 

The floating magnetic head 350 shown in Fig. 2 includes 
a slider 351 and the thin-film magnetic head 300 which is 
provided on one side face 351d of the slider 351. The 
slider 351 has a leading end 355 lying at the upstream side 
of the moving direction of the magnetic recording medium and 
a trailing end 356. The slider 351 also has rails 351a and 
351b on an opposing face 352 which opposes the magnetic 
recording medium. Air grooves 351c are thereby formed 
between the rails 351a and 351b. 

Referring to Fig. 3, the thin-film magnetic head 300 is 
deposited on an insulating layer 362 which is formed on the 
side face 351d of the slider 351. This thin-film magnetic 
head 3 00 includes a lower shielding layer 3 63 provided on 
the insulating layer 362 , a lower insulating layer 364 
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formed on the lower shielding layer 363, the spin-valve 
thin-film magnetic element 1 formed on the lower insulating 
layer 364 and exposed to the opposing face 352 , an upper 
insulating layer 366 which covers the spin-valve thin-film 
magnetic element 1, and an upper shielding layer 3 67 which 
covers the upper insulating layer 366. The upper shielding 
layer 367 also functions as a lower core layer of an 
inductive head h, as described below. 

The inductive head h includes the lower core layer 
(upper shielding layer) 367 , a gap layer 374 provided on the 
upper shielding layer 367 , a coil layer 376 , an upper 
insulating layer 377 which covers the coil layer 376 , and an 
upper core layer 378 which is coupled with the gap layer 3 74 
at the opposing face 352 and the upper shielding layer 367 
in the center of the coil layer 3 76. 

The coil layer 376 has a planar spiral pattern. A base 
378b of the upper core layer 37 8 is magnetically coupled 
with the upper shielding layer 367 in the center of the coil 
layer 376. 

The upper core layer 378 is covered by a core 
protective layer 379 composed of alumina or the like. 

Referring to Fig. 1, the spin-valve thin-film magnetic 
element 1 of the present invention is a bottom-type single 
spin-valve thin-film magnetic element including a free 
magnetic layer, a nonmagnetic conductive layer, a pinned 
magnetic layer, and an antif erromagnetic layer which lies at 
a lower insulating layer side. 



• # 

The spin-valve thin-film magnetic element 1 includes a 
laminate 9 and is formed on a substrate as a lower 
insulating layer 364. The laminate 9 includes an underlayer 
3 composed of Ta or the like, an antif erromagnetic layer 4, 
a pinned magnetic layer 5, a nonmagnetic conductive layer 6 
composed of Cu or the like, a free magnetic layer 7, and a 
protective layer 8 composed of Ta or the like from the 
bottom. A pair of hard bias layers 32 composed of a CoPt 
alloy or the like is formed on both sides of the laminate 9 
to orient the magnetic moment of the free magnetic layer 7. 
Furthermore, a pair of lead layers 34 is formed at least on 
the hard bias layers 32 to supply a sensing current to the 
laminate 9. The lead layers 34 are composed of Cr, Ta, W, 
Au, Rh, Cu, or the like. 

The free magnetic layer 7 is a composite of a first 
free ferromagnetic sublayer 7a, a first nonmagnetic 
interlayer 7b, and a second free ferromagnetic layer 7c. 
The thickness of the second free ferromagnetic layer 7c is 
smaller than that of the first free ferromagnetic sublayer 
7a. 

The magnetization of the first free ferromagnetic 
sublayer 7a is oriented in the X x direction by a bias 
magnetic field of the hard bias layers 32. The second free 
ferromagnetic layer 7c is antif erromagnetically coupled with 
the first free ferromagnetic sublayer 7a through the first 
nonmagnetic interlayer 7b and the magnetic moment of the 
second free ferromagnetic layer 7c is oriented to the 
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opposite direction of the X x direction. 

Since the magnetic moments of the first free 
ferromagnetic sublayer 7a and the second free ferromagnetic 
layer 7c are antiparallel to each other, these magnetic 
moments mutually counteract. Since the first free 
ferromagnetic sublayer 7a is thicker than the second free 
ferromagnetic layer 7c, a small magnetic moment remains in 
the first free ferromagnetic sublayer 7a. Thus, the overall 
magnetic moment of the free magnetic layer 7 is oriented in 
the X x direction. 

The second free ferromagnetic layer 7c may be thicker 
than the first free ferromagnetic sublayer 7a in this 
embodiment. In such a case, the overall magnetic moment of 
the free magnetic layer 7 is oriented in the direction of 
the magnetic moment of the second free ferromagnetic layer 
7c. 

The first free ferromagnetic sublayer 7a and the second 
free ferromagnetic layer 7c are composed of a NiFe alloy, 
elemental Co, a CoNiFe alloy, a CoFe alloy, and a CoNi alloy 
Among these, a NiFe alloy is preferred. Furthermore, the 
first free ferromagnetic sublayer 7a and the second free 
ferromagnetic layer 7c are composed of the same material. 
The first nonmagnetic interlayer 7b is preferably composed 
of at least one metal of Ru, Rh, Ir, Cr, Re, and Cu and more 
preferably Ru . 

The first free ferromagnetic sublayer 7a preferably has 
a thickness in the range of 3 to 6 rim.. The second free 
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ferromagnetic layer 7c preferably has a thickness in the 
range of 0.5 to 4 nm. The first nonmagnetic interlayer 7b 
preferably has a thickness in the range of 0.7 to 0.9 nm. 

In the free magnetic layer 7, the first free 
ferromagnetic sublayer 7a and the second free ferromagnetic 
layer 7c are antif erromagnetically coupled with each other 
and the magnetic moment of the first free ferromagnetic 
sublayer 7a remains; hence, the free magnetic layer 7 
exhibits synthetic f errimagnetism. The magnetic moment of 
the free magnetic layer 7 can, therefore, vary in response 
to a slight change in an external magnetic field, resulting 
in increased sensitivity of the spin-valve thin-film 
magnetic element 1 . 

The pinned magnetic layer 5 is a composite of a first 
pinned ferromagnetic sublayer 5a, a second nonmagnetic 
interlayer 5b, and a second pinned ferromagnetic sublayer 5c. 
The second pinned ferromagnetic sublayer 5c is thicker than 
the first pinned ferromagnetic sublayer 5a. 

The magnetic moment of the first pinned ferromagnetic 
sublayer 5a is pinned in the Y direction by an exchange 
coupling magnetic field with the antif erromagnetic layer 4, 
while the second pinned ferromagnetic sublayer 5c is 
antif erromagnetically coupled with the first pinned 
ferromagnetic sublayer 5a through the second nonmagnetic 
interlayer 5b and the magnetic moment of the second pinned 
ferromagnetic sublayer 5c is pinned in the opposite 
direction of the Y direction. 
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Since the magnetic moments of the first pinned 
ferromagnetic sublayer 5a and the second pinned 
ferromagnetic sublayer 5c are antiparallel to each other, 
these magnetic moments mutually counteract. Since the 
second pinned ferromagnetic sublayer 5c is thicker than the 
first pinned ferromagnetic sublayer 5a, a small magnetic 
moment remains in the second pinned ferromagnetic sublayer 
5c. Thus, the overall magnetic moment of the pinned 
magnetic layer 5 is pinned in the opposite direction of the 
Y direction. 

In this embodiment, the first pinned ferromagnetic 
^ sublayer 5a may be thicker than the second pinned 

ferromagnetic sublayer 5c. In such a case, the overall 

P 

magnetic moment of the pinned magnetic layer 5 is pinned in 

W 

O the direction of the magnetic moment of the first pinned 

H 

ferromagnetic sublayer 5a. 

The first pinned ferromagnetic sublayer 5a and the 
second pinned ferromagnetic sublayer 5c are composed of a 
NiFe ally, elemental Co, a CoNiFe alloy, a CoFe alloy, a 
CoNi alloy, or the like. Among these materials, elemental 
Co is preferred. Moreover, the first pinned ferromagnetic 
sublayer 5a and the second pinned ferromagnetic sublayer 5c 
are preferably composed of the same material. The second 
nonmagnetic interlayer 5b is preferably composed of at least 
one metal of Ru, Rh, Ir, Cr, Re, and Cu and more preferably 
Ru . 

The first pinned ferromagnetic sublayer 5a has a 
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thickness in the range of 1 nm to 2.5 run. The second pinned 
ferromagnetic sublayer 5c has a thickness in the range of 2 
to 3 nm. The second nonmagnetic inter layer 5b has a 
thickness in the range of 0.7 nm to 0.9 nm. 

In the pinned magnetic layer 5, the first pinned 
ferromagnetic sublayer 5a and the second pinned 
ferromagnetic sublayer 5c are antif erromagnetically coupled 
with each other and the magnetic moment of the second pinned 
ferromagnetic sublayer 5c remains; hence, the pinned 
magnetic layer 5 exhibits synthetic f errimagnetism. The 
magnetic moment of the pinned magnetic layer 5 can, 
therefore, be firmly pinned. The magnetic moment of the 



free magnetic layer 7 in substantially orthogonal to the 



magnetic layer 5 has two ferromagnetic sublayers (first and 
second free ferromagnetic sublayers 7a and 7c and first and 
second pinned ferromagnetic sublayers 5a and 5c, 
respectively). Alternatively, each layer may have three or 
more ferromagnetic sublayers. In such a case, it is 
preferable that these ferromagnetic sublayers be separated 
by nonmagnetic interlayers and the magnetic moments of two 
adjacent ferromagnetic sublayers be antiparallel to each 
other so that the overall layer is in a f errimagnetic state. 

The nonmagnetic conductive layer 6 moderates magnetic 
coupling between the free magnetic layer 7 and the pinned 
magnetic layer 5. Furthermore, a sensing current primarily 
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magnetic moment of the pinned magnetic layer 5 . 

Each of the free magnetic layer 7 and the pinned 
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flows in the nonmagnetic conductive layer 6. Thus, the 
nonmagnetic conductive layer 6 is preferably composed of a 
conductive nonmagnetic material , such as Cu, Cr, Au, and Ag, 
and more preferably composed of Cu. The nonmagnetic 
conductive layer 6 preferably has a thickness in the range 
of 2 nm to 3 nm. 

The antiferromagnetic layer 4 is preferably composed of 
a PtMn alloy. The PtMn alloy exhibits higher corrosion 
resistance compared with NiMn alloys and FeMn alloys which 
have been conventionally used for antiferromagnetic layers, 
a high blocking temperature, and a large exchange coupling 
magnetic field. 

The antiferromagnetic layer 4 may be composed of either 
an XMn alloy or a PtX'Mn alloy wherein X is one metal 
selected from Pt, Pd, Ir, Rh, Ru, and Os and X 1 is at least 
one element selected from Pd, Cr, Ru, Ni, Ir, Rh, Os, Au, Ag, 
Ne, Ar, Xe, and Kr. 

In the PtMn alloy and the XMn alloy, Pt and X contents 
are preferably in the range of preferably 37 to 63 atomic 
percent and more preferably 44 to 57 atomic percent. 

In the PtX'Mn alloy, the total of X' and Pt contents is 
in the range of preferably 37 to 63 atomic percent and more 
preferably 44 to 57 atomic percent. 

The antiferromagnetic layer 4 preferably has a 
thickness in the range of 8 to 20 nm. 

Using an alloy having the above composition, the 
antiferromagnetic layer 4 is annealed in a magnetic field to 
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generate a large exchange coupling magnetic field. This 
exchange coupling magnetic field firmly pins the magnetic 
moment of the pinned magnetic layer 5. In particular , an 
antif erromagnetic layer 4 composed of a PtMn alloy exhibits 
an exchange coupling magnetic field exceeding 6.4x10 A/m 
and has an extremely high blocking temperature of 6 53 K 
(380°C) in which the antif erromagnetic layer 4 loses the 
exchange coupling magnetic field. 

The antiferromagnetic layer 4 extends towards both 
sides in the X ± direction, and the hard bias layers 32 and 
the lead layers 34 are provided on the extensions 4a of the 
antiferromagnetic layer 4 in that order. The extensions 4a 
and the hard bias layers 32 are separated by bias 
underlayers 31 composed of Ta, W, or Cr. When the bias 
underlayers 31 are composed of, for example, Cr which is a 
nonmagnetic metal and has a body centered cubic (bcc) 
structure, the hard bias layers 32 formed thereon have a 
large coercive force and a large remanence ratio, thus 
increasing a bias magnetic field which is required for a 
single-domain alignment of the free magnetic layer 7. 

The hard bias layers 32 are composed of, for example, a 
CoPt alloy and are provided in both sides of the laminate 9 
in the X x direction (track width direction). In this 
embodiment, the hard bias layers 32 extend on both sides of 
the free magnetic layer 7 in the X x direction to effectively 
apply a bias magnetic field to the free magnetic layer 7, to 
orient the magnetic moment of the free magnetic layer 7, and 



to reduce Barkhausen noise. 

The hard bias layers 3 2 are covered by insulating 
layers 33 which extend to cover the both top ends 9a of the 
laminate 9 in the X x direction. The top ends 9a are 
adjacent to the hard bias layers 32. 

The insulating layers 33 are preferably composed of one 
oxide selected from aluminum oxide, silicon oxide, tantalum 
oxide, titanium oxide, zirconium oxide, hafnium oxide, 
chromium oxide, vanadium oxide, and niobium oxide or one 
compound oxide composed of at least two of these oxides. 
The insulating layers 33 have a thickness in the range of 
0.5 nm to 20 nm. 

At a thickness less than 0.5 nm, pinholes would be 
formed in the insulating layers 33. At a thickness 
exceeding 20 nm, the gap width undesirably increases because 
the spin-valve thin-film magnetic element 1 has a large 
thickness . 

The iead layers 34 are formed on the hard bias layers 
32 separated by the insulating layers 33, and extend toward 
the center of the laminate 9 compared with the insulating 
layers 33. In other words, the lead layers 34 have overlay 
sections 34a, and edges 34b thereof partially extend on and 
are in contact with the laminate 9 . 

The two lead layers 34 are disposed at a distance Tw in 
the X 2 direction. This distance Tw defines an optical track 
width of the spin-valve thin-film magnetic element 1. 

The width (represented by symbol W x in Fig. 1) of the 
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overlay sections 34a in the track width direction is 
preferably in the range of 0.1 \xm to 0.3 t*m. In such a 
configuration, the bias magnetic field fixes the magnetic 
moment of the free magnetic layer at both ends. Since no 
sensing currents flow at the both ends of the free magnetic 
layer, the spin-valve thin-film magnetic element 1 has a 
reduced track width. 

The lead layers 34 are in contact with the laminate 9 
Q only at the edges 34b and are insulated from the laminate 9 

a 

and the hard bias layers 32 at other portions. Thus, a 

m 

Q sensing current from one lead layer 34 flows into the 

H laminate 9 via one edge 34b and the other lead layer 34 via 



the other edge 34b, as shown in arrows J in the drawing. 

The width W 2 of the edges 34b of the lead layers 34 in 

W 

p the X 1 direction is preferably in the range of 0.01 \*m to 

0.05 |iim to ensure wide contact areas between the lead layers 
34 and the laminate 9. Since the contact resistance at the 
edges 34b is reduced, the sensing current effectively flows 
in the laminate 9 . 

Since the lead layers 3 4 are insulated from the hard 
bias layers 32 by the insulating layers 33, the sensing 
current does not flovj^into one top end 9a of the laminate 9 
from one hard bias layer 32 and into the other hard bias 
layer 32 via the other hard bias layer 32. 

Moreover, the insulating layers 33 extend between the 
overlay sections 34a and the top ends 9a of the laminate 9; 
hence, the sensing current does not flow into one top end 9a 
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via one overlay section 34a and into the other top end 9a 
via the other overlay section 34a. 

In the laminate 9, the sensing current is concentrated 
in the center which is not provided with the lead layers 34. 
Thus, the center exhibits an outstanding magnetoresistive 
(MR) effect and a high sensitivity to a leakage magnetic 
field from a magnetic recording medium. Thus, the center is 
defined as a sensitive region S, as shown in Fig. 1. 
2 In contrast, the sensing current flows in only small 

^ portions of the laminate 9 which are in contact with the 

O edges 34b. Thus, the top portions exhibit a small MR effect 

H and are insensitive to the leakage magnetic field of the 

magnetic recording medium. 

Moreover, at the top ends 9a of the laminate 9, the 
magnetic moment of the free magnetic layer 7 is firmly fixed 
by the bias magnetic field from the hard bias layers 32; 
hence, these top ends 9a barely exhibit an MR effect. 

In addition, the insulating layers 33 prevent the 
sensing current from flowing in the top ends 9a. Thus, the 
top ends 9a exhibit no MR effects and are quite insensitive 
to the leakage magnetic field from the magnetic recording 
medium. 

Accordingly, the top portions in contact with the edges 
34b are defined as insensitive regions N, as shown in Fig. 1 

As described above, the laminate 9 is divided into the 
sensitive region S, which contributes to reading the 
recording magnetic field from the magnetic recording medium, 
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and the insensitive regions N, which does not contribute to 
reading the recording magnetic field. Since the width Tw of 
the sensitive region S corresponds to the track width, the 
track width of the spin-valve thin-film magnetic element 1 
can be reduced. 

Moreover, the sensing current can be concentrated into 
the sensitive region S of the laminate 9, the rate of change 
in resistance in the sensitive region S is improved, 

g resulting in improved output characteristics of the spin- 

J"* valve thin-film magnetic element 1. 

Since the insulating layers 33 prevent the sensing 

Q 

*0 current from flowing in the top ends 9a of the laminate 9, 

M- 

2 the top ends 9a do not exhibit an MR effect. Thus, the 



spin-valve thin-film magnetic element 1 does not generate 



|ij side reading. 

Q 

\a A first method for making the spin-valve thin-film 

magnetic element 1 will now be described with reference to 
the drawings . 

This method includes a laminate forming step which 
forms a laminate having a trapezoidal cross-section on a 
substrate, a bias layer forming step for depositing hard 
bias layers, an insulating layer forming step, a second 
resist layer forming step, an etching step, and a lead layer 
forming step. 

Referring to Fig. 4, in the laminate forming step, the 
underlayer 3, the antif erromagnetic layer 4, the first 
pinned ferromagnetic sublayer 5a, the second nonmagnetic 
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interlayer 5b, the second pinned ferromagnetic sublayer 5c , 
the nonmagnetic conductive layer 6, the first free 
ferromagnetic sublayer 7a , the first nonmagnetic interlayer 
7b, the second free ferromagnetic layer 7c, and the 
protective layer 8 are deposited in that order on the lower 
insulating layer (substrate) 3 64 to form a laminate layer 9b. 

The laminate layer 9b is annealed in a magnetic field 
to pin the magnetic moment of the pinned magnetic layer 5 by 
an exchange coupling magnetic field from the 
antif erromagnetic layer 4 to the pinned magnetic layer 5. 

Next, a first lift-off resist layer L x is formed on the 
laminate layer 9b. The first lift-off resist layer L x has a 
contact face 51 which is in contact with the laminate layer 
9b and two side faces 52, the contact face 51 lying between 
these side faces 52. A pair of incisions 53 is provided 
between the side faces 52 and the contact face 51 in the 
track width direction. 

Referring to Fig. 5, the laminate layer 9b is 
irradiated with etching particles containing ion beams of 
inert gas such as Ar at an etching angle 9 X with respect to 
the lower insulating layer (substrate) 364 to etch both 
sides of the laminate layer 9b so that the lower half 
(extension) 4a of the antif erromagnetic layer 4 remains at 
each of the both sides which lie outside the side faces 52 
of the first lift-off resist layer L x in the X x direction 
(track width direction). The laminate 9 thereby has a 
trapezoidal cross-section 9 and the antif erromagnetic layer 
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4 has extensions 4a which extend at both sides in the X x 
direction. 

The irradiation with etching particles is preferably 
performed by ion milling with Ar or reverse sputtering. 
Since these methods use highly directional etching particles, 
the etching particles can be oriented in a specific 
direction. 

The etching angle 6 X defining the direction of the 
etching particles is preferably in the range of 60° to 90°. 
This etching angle Q x can be controlled by adjusting, for 
example, the angle between an ion gun grid and the lower 
insulating layer 364. 

Both sides of the laminate layer 9b can be 
anisotropically etched by etching particles which are 
incident on the laminate layer 9b at the etching angle 6 X to 
form the laminate 9 having a trapezoidal cross-section. 

Referring to Fig. 6, in the bias layer forming step, 
the bias underlayers 31 and the hard bias layers 32 are 
deposited on both sides of the laminate 9 by a first 
sputtering process using sputtering particles at a 
sputtering angle Q x (equal to the etching angle 6 X ) with 
respect to the lower insulating layer 364 • The first 
sputtering process may be ion beam sputtering or the like. 
The bias underlayers 31 and the hard bias layers 32 are 
deposited on the extensions 4a which extend at both sides of 
the laminate 9. The hard bias layers 32 are preferably 
deposited up to at least the level of the free magnetic 
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layer 7 . 

During this bias layer forming step, the sputtering 
particles are also deposited on the first lift-off resist 
layer L x to form layers 31' and 32' which have the same 
compositions as those of the bias underlayers 31 and the 
hard bias layers 32. 

Referring to Fig- 7, in the insulating layer forming 
step, the insulating layers 33 are deposited on the hard 
bias layers 32 by a second sputtering process using another 
type of sputtering particle at a sputtering angle 8 2 (angle 
6 X > angle 6 2 ) with respect to the lower insulating layer 364. 
* Sputtering particles also enter the incisions 53 of the 

f first lift-off resist layer L x so that the insulating layers 

Q 33 extend on the laminate 9 below the incisions 53. 

m 

U The sputtering particles also are deposited on the 

a 

H first lift-off resist layer L x to form a layer 33' which has 

the same composition as that of the insulating layers 33. 

In the second sputtering process, the sputtering 
particles are preferably deposited by ion beam sputtering or 
the like as in the above method. The sputtering angle 6 2 is 
preferably in the range of 40° to 80°. The sputtering angle 
6 2 is preferably smaller than the etching angle Q x . The 
sputtering angle 8 2 is controlled by adjusting, for example, 
the angle between the surface of a target for sputtering and 
the lower insulating layer 364. 

Since the second sputtering process is performed at the 
sputtering angle 0 2 , the second sputtering particles enter 
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the incisions 53. The insulating layers 33 thereby extend 
over the hard bias layers 32 and the top ends 9a of the 
laminate 9. 

With reference to Fig. 8, in the second resist layer 
forming step, the first lift-off resist layer L x is removed, 
and then a second lift-off resist layer L 2 is formed 
substantially on the central surface of the laminate 9. The 
second lift-off resist layer L 2 has a contact face 57 which 
M is in contact with the laminate 9 and two. side faces 58, the 

a 

O contact face 57 lying between these side faces 58. A pair 

H 

U1 of incisions 59 is provided between the side faces 58 and 

'J3 the contact face 57 in the X x direction. The width of the 

M. 

3 contact face 57 in the X x direction is smaller than that of 

M, 

h the contact face 51 of the first lift-off resist layer L 2 . 

y By forming the second lift-off resist layer L 2 in such a 

F? manner, the protective layer 8 is partially exposed under 

the incisions 59 to form exposed surfaces 9c. 

The width of the exposed surfaces 9c in the X x direction 
is defined by the difference between the width of the 
contact face 51 of the first lift-off resist layer L r in the 
X x direction and the width of the contact face 57 of the 
second lift-off resist layer L 2 in the X x direction. This 
width of the exposed surfaces 9c corresponds to the width W 2 
of the edges 34b of the lead layers 34 in Fig. 1. Thus, the 
first lift-off resist layer L x and the second lift-off 
resist layer L 2 precisely control the width of the exposed 
surfaces 9c and the contact area of the lead layers 34 so 
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that the sensing current effectively flows in the laminate 9. 

Referring to Fig. 9, in the etching step, the exposed 
surfaces 9c are etched by irradiation with second etching 
particles. The insulating layers 33 are also etched to 
become thinner in this process. 

The surfaces of the exposed surfaces 9c have been 
contaminated by various contaminants during removing the 
first lift-off resist layer L x and forming the second lift- 

Q off resist layer L 2 in the second resist layer forming step. 

O 

y> if the lead layers 34 are formed without removing these 

in 

g contaminants, the contact resistance between the lead layers 

m 34 and the laminate 9 may increase. The exposed surfaces 9c 

5 

m are cleaned by this etching step. 

Referring to Fig. 10, in the lead layer forming step, 
the lead layers 34 are deposited on the insulating layers 33 
by a third sputtering process using another type of 
sputtering particles. In this process, sputtering particles 
enter the incisions 59 of the second lift-off resist layer 
L 2 , so that the lead layers 34 extend over the insulating 
layers 33 and the exposed surfaces 9c in the incisions 59. 

The sputtering particles are also deposited on the 
second lift-off resist layer L 2 to form a layer 34' having 
the same composition as that of the lead layers 34. 

In this process, the sputtering particles are 
preferably deposited by ion beam sputtering as described 
above. Preferably, the sputtering angle in the third 
sputtering process is substantially equal to the etching 
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angle of the etching particles in the etching step. 

As described above, the lead layers 34 have the overlay 
sections 34a which extend on the exposed surfaces 9c in the 
central regions of the laminate 9. The edges 3 4b of the 
overlay sections 34a come into direct contact with the 
laminate 9 . 

In the final stage, the second lift-off resist layer L 2 
is removed, and the laminate 9 is annealed in a magnetic 
field so that the hard bias layers 32 generates a bias 
magnetic field which orients the magnetic moment of the free 
magnetic layer 7 in the X x direction. The spin-valve thin- 
film magnetic element 1 shown in Fig. 1 is thereby formed. 

According to the first method for making the spin-valve 
thin-film magnetic element 1, the second sputtering process 
is performed at a sputtering angle 6 2 to form the insulating 
layers 33 in the incisions 53 of the first lift-off resist 
layer L x . Moreover, the third sputtering process is 
performed at a sputtering angle 6 2 to form the lead layers 34 
in the incisions 59 of the second lift-off resist layer L 2 . 
Thus, the insulating layers 33 extend on the top ends 9a of 
the laminate 9. Moreover, the lead layers 34 extend towards 
the center of the laminate 9 compared with the insulating 
layers 33 and are in direct contact with the laminate 9. 
Accordingly, the spin-valve thin-film magnetic element 1 
does not generate side reading. 

A second method for making the spin-valve thin-film 
magnetic element 1 of the present invention will now be 
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described with reference to the drawings . 

In the second method , the hard bias layers are formed 
and then a second lift-off resist layer is formed to form 
the insulating layers and the lead layers. 

The second method includes a laminate forming step, a 
bias layer forming step, a second resist layer forming step, 
an insulating layer forming step, an etching step, and a 
lead layer forming step. 

Referring to Fig. 11, in the laminate forming step, 
layers from the underlayer 3 to the protective layer 8 are 
deposited to form the laminate layer 9b as shown in Fig. 4, 
and the laminate layer 9b is annealed in a magnetic field to 
pin the magnetic moment of the pinned magnetic layer 5 by an 
exchange coupling magnetic field from the ant if erromagnetic 
layer 4 to the pinned magnetic layer 5. A first lift-off 
resist layer L x is formed on the laminate layer 9b. The 
first lift-off resist layer L x has a contact face 51 which 
is in contact with the laminate layer 9b and two side faces 
52, the contact face 51 lying between these side faces 52. 
A pair of incisions 53 is provided between the side faces 52 
and the contact face 51 in the track width direction. 

Referring to Fig. 12, the laminate layer 9b is 
irradiated with etching particles to etch both sides of the 
laminate layer 9b as in Fig. 5 so that the lower half 
(extension) 4a of the antif erromagnetic layer 4 remains at 
each of the both sides in the X x direction. The laminate 9 
thereby has a trapezoidal cross-section and the 




antiferroraagnetic layer 4 has extensions 4a which extend at 
both sides in the X x direction. 

Referring to Fig. 13 , the bias underlayers 31 and the 
hard bias layers 32 are deposited on both sides of the 
laminate 9 by a first sputtering process r as in Fig. 6. The 
bias underlayers 31 and the hard bias layers 32 are 
deposited on the extensions 4a which extend at both sides of 
the laminate 9. The hard bias layers 32 are preferably 
deposited up to at least the level of the free magnetic 
layer 7 . 

During this step, sputtering particles are deposited on 
the first lift-off resist layer L x to form layers 31' and 
32' which have the same compositions as those of the bias 
underlayers 31 and the hard bias layers 32. 

Referring to Fig. 14 , in the second resist layer 
forming step, the first lift-off resist layer L x is removed 
and then a second lift-off resist layer L 12 is formed on the 
laminate 9. The second lift-off resist layer L 12 has a 
contact face 60 which is in contact with the laminate 9 and 
two side faces 61, the contact face 60 lying between these 
side faces 61. A pair of incisions 62 is provided between 
the side faces 61 and the contact face 60 in the X x 
direction. The width of the contact face 60 in the X x 
direction is smaller than that of the contact face 51 of the 
first lift-off resist layer L x . 

Furthermore, the distance between the side faces 61 is 
smaller than the distance between the side faces 52 of the 



first lift-off resist layer L x and smaller than the width of 
the upper face in the track width direction of the laminate 
9. 

Referring to Fig. 15, in the insulating layer forming 
step, the insulating layers 33 are deposited on the laminate 
9 at the outer regions of the side faces 61 of the second 
lift-off resist layer L 12 in the X x direction by a second 
sputtering process using another type of sputtering particle 
at a sputtering angle 6 3 with respect to the lower insulating 
layer 364. The insulating layers 33 extend over the top 
ends 9a of the laminate 9 and the hard bias layers 32 at the 
outer regions of the side faces 61. 

In this process, sputtering particles having the 
sputtering angle 6 3 do not enter the incisions 62 of the 
second lift-off resist layer L 12 . As a result, the 
insulating layers 33 are not formed on the exposed surfaces 
9c of the laminate 9 in the incisions 62. 

The sputtering particles are also deposited on the 
second lift-off resist layer L 12 to form a layer 33* which 
has the same composition as that of the insulating layers 33. 

In this process, the sputtering particles are 
preferably deposited by ion beam sputtering or the like as 
in the above method. The sputtering angle 6 3 is preferably 
in the range of 60° to 90°. At a sputtering angle 6 3 of less 
than 60°, the sputtering particles are incident on the 
incisions 62 of the second lift-off resist layer L 12 . In 
such a state, the lead layers formed in a subsequent step 



- 51 - 



will not come into contact with the laminate 9. At a 
sputtering angle 6 3 exceeding 90°, the ends of the insulating 
layers 33 are not positioned at the side faces 61. 

The sputtering angle 8 3 is controlled by adjusting, for 
example, the angle between the surface of a target for 
sputtering and the lower insulating layer 364. 

Since the second sputtering process is performed at the 
sputtering angle 0 3/ the insulating layers 33 are formed so 
as to extend over the hard bias layers 32 and the top ends 
9a of the laminate 9 and not to extend on the exposed 
surfaces 9c of the laminate 9 in the incisions 62. 

Referring to Fig. 16, in the etching step, the exposed 
surfaces 9c of the laminate 9 in the incisions 62 are etched 
by irradiation with second etching particles at a sputtering 
angle 8 4 (0 3 > 6 4 ) . The insulating layers 33 are also etched 
to become thinner in this process. 

The surfaces of the exposed surfaces 9c have been 
contaminated by various contaminants during removing the 
first lift-off resist layer L x and forming the second lift- 
off resist layer L 12 in the second resist layer forming step. 
If the lead layers 34 are formed without removing these 
contaminants, the contact resistance between the lead layers 
34 and the laminate 9 may increase. The exposed surfaces 9c 
are cleaned by this etching step. 

The sputtering angle 0 4 is preferably in the range of 
40° to 80°. Preferably, the sputtering angle 0 4 is smaller 
than the sputtering angle 8 3 . This sputtering angle 8 4 can 
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be controlled by adjusting, for example, the angle between 
an ion gun grid and the lower insulating layer 364. 

Since the sputtering angle 0 4 is smaller than the 
sputtering angle 8 3/ the second etching particles enter the 
incisions 62 to etch the exposed surfaces 9c of the laminate 
9. 

At a sputtering angle 8 4 of less than 40° , the second 
lift-off resist layer L 12 is excessively etched. The excess 
etching of the second lift-off resist layer L 12 will result 
in an erroneous size of the lead layers in the lead layer 
forming step. At a sputtering angle 6 4 exceeding 80°, the 
second etching particles do not enter the incisions 62 and 
the exposed surfaces 9c will not be satisfactorily etched. 

Referring to Fig. 17, in the lead layer forming step, 
the lead layers 34 are deposited on the insulating layers 33 
by a third sputtering process using another type of 
sputtering particle at the sputtering angle 6 4 with respect 
to the lower insulating layer 3 64. Sputtering particles 
enter the incisions 62 of the second lift-off resist layer 
L 12 , so that the lead layers 34 extend on the exposed 
surfaces 9c in the incisions 62. 

The sputtering particles are also deposited on the 
second lift-off resist layer L 12 to form a layer 34' having 
the same composition as that of the lead layers 34. 

The third sputtering process is preferably performed by 
ion beam sputtering as described above. Preferably, the 
sputtering angle 6 4 of the third sputtering process is 
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substantially equal to the sputtering angle 9 4 of the etching 
particles in the etching step so that the sputtering 
particles enter the incisions 62 of the second lift-off 
resist layer L 12 . 

As described above, the lead layers 34 have the overlay 
sections 34a which extend on the exposed surfaces 9c in the 
central regions of the laminate 9. The edges 34b of the 
overlay sections 34a come into direct contact with the 
laminate 9. 

In the final stage, the second lift-off resist layer L 12 
is removed, and the laminate 9 is annealed in a magnetic 
field so that the hard bias layers 32 generates a bias 
magnetic field which orients the magnetic moment of the free 
magnetic layer 7 in the X x direction. The spin-valve thin- 
film magnetic element 1 shown in Fig. 1 is thereby formed. 

According to the second method for making the spin- 
valve thin-film magnetic element 1, the second sputtering 
process is performed at a sputtering angle 8 3 to form the 
insulating layers 33 in the outer regions of the side faces 
61 of the first lift-off resist layer L x . Moreover, the 
third sputtering process is performed at a sputtering angle 
6 4 to form the lead layers 34 in the incisions 62 of the 
second lift-off resist layer L 12 . Thus, the insulating 
layers 33 extend on the top ends 9a of the laminate 9. 
Moreover, the lead layers 34 extend towards the center of 
the laminate 9 compared with the insulating layers 33 and 
are in direct contact with the laminate 9. Accordingly, the 
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spin-valve thin-film magnetic element 1 does not generate 
side reading. 

Second Embodiment 

A second embodiment of the present invention will now 
be described with reference to the drawings. Fig. 18 is a 
schematic cross-sectional view, when viewed from a magnetic 
recording medium, of a spin-valve thin-film magnetic element 
101 in accordance with the second embodiment of the present 
invention. 

This spin-valve thin-film magnetic element 101 also 
constitutes a thin-film magnetic head. The thin-film 
magnetic head and an inductive head constitute a floating 
magnetic head, like the first embodiment. 

This spin-valve thin-film magnetic element 101 is of a 
dual type in which a first nonmagnetic conductive layer 106, 
a second nonmagnetic conductive layer 108, a first pinned 
magnetic layer 105, a second pinned magnetic layer 109, a 
first antiferromagnetic layer 104, and a second 
antif erromagnetic layer 110 are deposited on each of two 
faces of a free magnetic layer 107 in the thickness 
direction. 

That is, the spin-valve thin-film magnetic element 101 
has a lower insulating layer 364 and a laminate 112 formed 
on the lower insulating layer 364. The laminate 112 
includes an underlayer 103, the first antiferromagnetic 
layer 104, the first pinned magnetic layer 105, the first 
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nonmagnetic conductive layer 106, the free magnetic layer 
107/ the second nonmagnetic conductive layer 108, the second 
pinned magnetic layer 109, the second antif erromagnetic 
layer 110, and a protective layer 111, in that order from 
the bottom. The laminate 112 has a trapezoidal cross- 
section'. 

A pair of hard bias layers 132 composed of a CoPt alloy 
or the like is formed on both sides of the laminate 112 to 
orient the magnetic moment of the free magnetic layer 107. 
Furthermore, a pair of lead layers 134 is formed on the hard 
bias layers 132 to supply a sensing current to the laminate 
112. The lead layers 134 are composed of Cr, Ta, W, Au, Rh, 
Cu, or the like. 

As described above, the laminate 112 of this spin-valve 
thin-film magnetic element 101 has a dual spin-valve 
structure. 

The free magnetic layer 107 is a composite of a first 
antidif fusion sublayer 107a composed of Co or the like, a 
free ferromagnetic sublayer 107b composed of a NiFe alloy or 
the like, and a second antidif fusion sublayer 107c composed 
of Co or the like. The first antidif fusion sublayer 107a 
and the second antidif fusion sublayer 107c prevent 
interdif fusion between the free ferromagnetic sublayer 107b 
and the first nonmagnetic conductive layer 106 and between 
the free ferromagnetic sublayer 107b and the second 
nonmagnetic conductive layer 108. 

The thickness of each of the first antidif fusion 
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sublayer 107a and the second antidif fusion sublayer 107c is 
preferably in the range of 0.2 nm to 1 nm, and the thickness 
of the free ferromagnetic sublayer 107b is preferably in the 
range of 1 nm to 5 nm. 

The magnetic moment of the free magnetic layer 107 is 
oriented in the X x direction by a bias magnetic field from 
the hard bias layers 132. Since the free magnetic layer 107 
is aligned in a single-domain state, Barkhausen noise of the 
spin-valve thin-film magnetic element 101 can be reduced. 

G 

Q The first antif erromagnetic layer 104 and the second 

Ul antif erromagnetic layer 110 are provided to pin the magnetic 

O 

J3 moments of the first pinned magnetic layer 105 and the 

g second pinned magnetic layer 109, respectively. These 

q antif erromagnetic layers are preferably composed of the same 

m 



PtMn alloy as that for the antif erromagnetic layer 4 in the 
first embodiment. 

The first antif erromagnetic layer 104 and the second 
antif erromagnetic layer 110 may be composed of either an XMn 
alloy or a PtX'Mn alloy wherein X is one metal selected from 
Pt, Pd, Ir, Rh, Ru, and Os and X' is at least one element 
selected from Pd, Cr, Ru, Ni, Ir, Rh, Os, Au, Ag, Ne, Ar, Xe, 
and Kr, like the antif erromagnetic layer 4 in the first 
embodiment . 

The composition of the PtMn alloy, the XMn alloy, and 
the PtX'Mn alloy and the thickness of the first 
antif erromagnetic layer 104 and the second antif erromagnetic 
layer 110 are substantially the same as those of the 
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antiferromagnetic layer 4 in the first embodiment. 

The thickness of the second antiferromagnetic layer 110 
is preferably 12 nm or less and more preferably in the range 
of 8 nm to 12 nm. 

Since the thickness of the second antiferromagnetic 
layer 110 having relatively high resistance is reduced to 12 
nm or less, the sensing current from one lead layer 134 
effectively flows into the laminate 112. Since the 
thickness of the second antiferromagnetic layer 110 is 
controlled to 8 nm or more, the exchange coupling magnetic 
field is sufficiently large to pin the magnetic moment of 
the second pinned magnetic layer 109. 

Using an alloy having the above composition, the first 
antiferromagnetic layer 104 and the second antiferromagnetic 
layer 110 are annealed in a magnetic field to generate a 
large exchange coupling magnetic field. This exchange 
coupling magnetic field firmly pins the magnetic moment of 
the first pinned magnetic layer 105 and the magnetic moment 
of the second pinned magnetic layer 109. In particular, a 
first antiferromagnetic layer 104 and a second 
antiferromagnetic layer 110 composed of a PtMn alloy exhibit 
an exchange coupling magnetic field exceeding 6.4xl0 4 A/m 
and have an extremely high blocking temperature of 653 K 
(380°C) in which these antiferromagnetic layers lose the 
exchange coupling magnetic field. 

The first pinned magnetic layer 105 is a composite of a 
first pinned ferromagnetic sublayer 105a, a first 
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nonmagnetic interlayer 105b, and a second pinned 
ferromagnetic sublayer 105c. The second pinned 
ferromagnetic sublayer 105c is thicker than the first pinned 
ferromagnetic sublayer 105a. 

The magnetic moment of the first pinned ferromagnetic 
sublayer 105a is pinned in the Y direction by an exchange 
coupling magnetic field with the first antif erromagnetic 
layer 104 , while the second pinned ferromagnetic sublayer 
105c is antif erromagnetically coupled with the first pinned 
ferromagnetic sublayer 105a and the magnetic moment of the 
second pinned ferromagnetic sublayer 105c is pinned in the 
opposite direction of the Y direction. 

Since the magnetic moments of the first pinned 
ferromagnetic sublayer 105a and the second pinned 
ferromagnetic sublayer 105c are antiparallel to each other, 
these magnetic moments mutually counteract. Since the 
second pinned ferromagnetic sublayer 105c is thicker than 
the first pinned ferromagnetic sublayer 105a, a small 
magnetic moment remains in the second pinned ferromagnetic 
sublayer 105c. Thus, the overall magnetic moment of the 
pinned magnetic layer 105 is pinned in the opposite 
direction of the Y direction. 

The second pinned magnetic layer 109 is a composite of 
a third pinned ferromagnetic sublayer 109a, a second 
nonmagnetic interlayer 109b, and a fourth pinned 
ferromagnetic sublayer 109c. The fourth pinned 
ferromagnetic sublayer 109c is thicker than the third pinned 
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ferromagnetic sublayer 109a. 

The magnetic moment of the fourth pinned ferromagnetic 
sublayer 109c is pinned in the Y direction by an exchange 
coupling magnetic field with the second antif erromagnetic 
layer 110/ while the third pinned ferromagnetic sublayer 
109a is antif erromagnetically coupled with the fourth pinned 
ferromagnetic sublayer 109c and the magnetic moment of the 
third pinned ferromagnetic sublayer 109a is pinned in the 
opposite direction of the Y direction. 

Like the first pinned magnetic layer 105, the magnetic 
moments of the third pinned ferromagnetic sublayer 109a and 
fourth pinned ferromagnetic sublayer 109c mutually 
counteract. Since the fourth pinned ferromagnetic sublayer 
109c is thicker than the third pinned ferromagnetic sublayer 
109a, a small magnetic moment remains in the fourth pinned 
ferromagnetic sublayer 109c. Thus, the overall magnetic 
moment of the second pinned magnetic layer 109 is pinned in 
the Y direction in the drawing. 

Accordingly, the first pinned ferromagnetic sublayer 
105a and the second pinned ferromagnetic sublayer 105c in 
the first pinned magnetic layer 105 and the third pinned 
ferromagnetic sublayer 109a and the fourth pinned 
ferromagnetic sublayer 109c in the second pinned magnetic 
layer 109 are antif erromagnetically coupled with each other, 
and the magnetic moments of the second pinned ferromagnetic 
sublayer 105c and the fourth pinned ferromagnetic sublayer 
109c slightly remain. Accordingly, the first pinned 
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magnetic layer 105 and the second pinned magnetic layer 109 
exhibit a synthetic f errimagnetic state* 

Moreover, the magnetic moment of the free magnetic 
layer 107 is substantially orthogonal to the magnetic 
moments of the first pinned magnetic layer 105 and the 
second pinned magnetic layer 109. 

As shown in fig. 18 , the magnetic moment of the second 
pinned ferromagnetic sublayer 105c lying in the vicinity of 
the free magnetic layer 107 and the magnetic moment of the 
third pinned ferromagnetic sublayer 109a lying in the 
vicinity of the free magnetic layer 107 are oriented in the 
same direction. Thus, the magnetoresistive effect generated 
by the interaction between the free magnetic layer 107 and 
the first pinned magnetic layer 105 and the magnetoresistive 
effect generated by the interaction between the free 
magnetic layer 107 and the second pinned magnetic layer 109 
do not counteract, resulting in a high rate of change in 
magnetoresistance of the spin-valve thin-film magnetic 
element 101. 

The first, second, third, and fourth pinned 
ferromagnetic sublayers 105a, 105c, 109a, and 109c, 
respectively, are composed of a NiFe alloy, elemental Co, a 
CoNiFe alloy, a CoFe alloy, a CoNi alloy, or the like, and 
preferably composed of elemental Co. Preferably, the first, 
second, third, and fourth pinned ferromagnetic sublayers 
105a, 105c, 109a, and 109c, respectively, are composed of 
the same material. 



The first nonmagnetic interlayer 105b and the second 
nonmagnetic interlayer 109b are preferably composed of at 
least one metal of Ru, Rh, Ir, Cr, Re, and Cu and more 
preferably Ru. 

Each of the first pinned ferromagnetic sublayer 105a 
and the fourth pinned ferromagnetic sublayer 109c has a 
thickness in the range of 1 nm to 3 nm. Each of the second 
pinned ferromagnetic sublayer 105c and the third pinned 
ferromagnetic sublayer 109a has a thickness in the range of 
2 nm to 3 nm. Each of the first nonmagnetic interlayer 105b 
and the second nonmagnetic interlayer 109b has a thickness 
in the range of 0.7 nm to 0.9 nm. 

Each of the first pinned magnetic layer 105 and the 
second pinned magnetic layer 109 has two pinned 
ferromagnetic sublayers (first, second, third, and fourth 
pinned ferromagnetic sublayers 105a, 105c, 109a, and 109c, 
respectively). Alternatively, each layer may have three or 
more pinned ferromagnetic sublayers. In such a case, it is 
preferable that these pinned ferromagnetic sublayers be 
separated by nonmagnetic interlayers and the magnetic 
moments of two adjacent pinned ferromagnetic sublayers be 
antiparallel to each other so that the overall layer is in a 
f errimagnetic state . 

Accordingly, the first and second pinned magnetic 
layers 105 and 109, respectively, exhibit synthetic 
ferrimagnetism and are firmly pinned. 

The first and second nonmagnetic conductive layers 106 
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and 108 moderate magnetic coupling between the free magnetic 
layer 107 and the pinned magnetic layer 105 and between the 
free magnetic layer 107 and the second pinned magnetic layer 
109 , respectively. Furthermore, a sensing current primarily 
flows in the first and second nonmagnetic conductive layers 
106 and 108 , respectively. Thus, the first and second 
nonmagnetic conductive layers 106 and 108, respectively, are 
preferably composed of a conductive nonmagnetic material, 
such as Cu, Cr, Au, and Ag, and more preferably composed of 
Cu. The first and second nonmagnetic conductive layers 106 
and 108 , respectively, preferably have a thickness in the 
range of 2 nm to 3 run. 

The first ant if erromagnetic layer 104 extends to both 
sides in the X x direction compared with the free magnetic 
layer 107. The hard bias layers 132 and the lead layers 134 
are deposited in that order on the extensions 104a of the 
first antif erromagnetic layer 104. 

The extensions 104a and the hard bias layers 132 are 
separated by bias underlayers 131 composed of Ta, W, or Cr. 
When hard bias layers 132 composed of Cr are formed on the 
bias underlayers 131, the hard bias layers 132 have a large 
coercive force and a large remanence ratio, thus increasing 
a bias magnetic field which is required for single-domain 
alignment of the free magnetic layer 107. 

The hard bias layers 132 are composed of, for example, 
a CoPt alloy and are provided in both sides of the laminate 
112 in the X x direction (track width direction). In this 
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embodiment, the hard bias layers 132 extend on both sides of 
the free magnetic layer 107 in the X x direction to 
effectively apply a bias magnetic field to the free magnetic 
layer 107, to orient the magnetic moment of the free 
magnetic layer 107, and to reduce Barkhausen noise. 

The hard bias layers 132 are covered by insulating 
layers 133 which extend to cover the both top ends 112a of 
the laminate 112 in the X x direction. The top ends 112a are 
adjacent to the hard bias layers 132. 

Preferably, the insulating layers 133 are composed of 
the same material as that for and have the same thickness as 
that of the insulating layers 33 in the first embodiment. 

The lead layers 134 are formed on the hard bias layers 
132 separated by the insulating layers 133, and extend 
toward the center of the laminate 112 compared with the 
insulating layers 133. In other words, the lead layers 134 
have overlay sections 134a, and edges 134b thereof partially 
extend on and are in contact with the laminate 112. 

The two lead layers 134 are disposed at a distance Tw 
in the X x direction. This distance Tw defines an optical 
track width of the spin-valve thin-film magnetic element 101. 

A preferred width W x of the overlay sections 134a and a 
preferred width W2 of the edges 134b are the same as those 
in the first embodiment. 

The lead layers 134 are in contact with the laminate 
112 only at the edges 134b thereof and are insulated from 
the laminate 112 and the hard bias layers 132 by the 
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insulating layers 133 at the other portions. 

Thus, a sensing current from one lead layer 134 flows 
into the laminate 112 only through one edge 134b and then 
into the other lead layer 134 through the other edge 134b, 
as shown by arrows J in Fig- 18. 

Since the lead layers 134 are insulated from the hard 
bias layers 132 by the insulating layers 133, the sensing 
current does not flow into the hard bias layers 132 and thus 
into the top ends 112a. 

Moreover, the insulating layers 133 between the overlay 
sections 134a and the top ends 112a of the laminate 112 
prevent leakage of the sensing current therebetween. 

Accordingly, in this spin-valve thin-film magnetic 
element 101, the sensing current is concentrated into the 
sensitive region S in the center which is not provided with 
the lead layers 134, like the spin-valve thin-film magnetic 
element 1 in the first embodiment. 

In contrast, in regions covered by the edges 134b of 
the lead layers 134 and the insulating layers 133, the 
sensing current is low. These regions exhibit a poor MR 
effect and thus low detection sensitivity to the leakage 
magnetic field. In particular, the sensing current does not 
flow into the top ends 112a covered by the insulating layers 
133, and the these top ends 112a do not have sensitivity to 
the leakage magnetic field from the magnetic recording 
medium. These regions are referred to as insensitive 
regions N, as shown in Fig. 18. 
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As described above, the laminate 112 is divided into 
the sensitive region S, which contributes to reading the 
recording magnetic field from the magnetic recording medium, 
and the insensitive regions N, which does not contribute to 
reading the recording magnetic field. Since the width Tw of 
the sensitive region S corresponds to the track width, the 
track width of the spin-valve thin-film magnetic element 101 

N» can be reduced. 

O 

Q Moreover, the sensitive region S of the laminate 112 is 

yi distant from the hard bias layers 132; hence, the sensitive 

O 

5 region S is not pinned by a strong bias magnetic field, 

resulting in improved output characteristics of the Spin- 
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valve thin-film magnetic element 101. 

Since the insulating layers 133 prevent the sensing 
current from flowing in the top ends 112a of the laminate 
112, the top ends 112a do not exhibit an MR effect. Thus, 
the spin-valve thin-film magnetic element 101 does not 
generate side reading. 

In a method for making the above-mentioned spin-valve 
thin-film magnetic element 101, the first antif erromagnetic 
layer 104, the first pinned ferromagnetic sublayer 105a, the 
first nonmagnetic interlayer 105b, the second pinned 
ferromagnetic sublayer 105c, the first nonmagnetic 
conductive layer 106, the first antidif fusion sublayer 107a, 
the free ferromagnetic sublayer 107b, the second 
antidif fusion sublayer 107c, the second nonmagnetic 
conductive layer 108, the third pinned ferromagnetic 
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sublayer 109a, the second nonmagnetic interlayer 109b, the 
fourth pinned ferromagnetic sublayer 109c, the second 
antif erromagnetic layer 110, and the protective layer 111 
are deposited in that order in the laminate forming step. 
The other steps are the same as those in the first 
embodiment. That is, the spin-valve thin-film magnetic 
element 101 according to the second embodiment can also be 
made by any one of the two methods described in the first 
embodiment . 

The present invention may have any modification of the 
above embodiments. For example, the free magnetic layer may 
have a ferromagnetic single-layer structure or a 
ferromagnetic-antidif fusion double-layer structure, in place 
of the ferromagnetic-antidif fusion-ferromagnetic triple- 
layer structure in this embodiment. Similarly, the pinned 
magnetic layer may have a ferromagnetic single-layer 
structure. 

In the first embodiment, the free magnetic layer 7 and 
the protective layer 8 may be separated by a back layer. 
The back layer extends the mean free path of spin-up 
conduction electrons and thus increases the rate of change 
in resistance of the magnetoresistive element. 

In the first embodiment, the laminate 9 may have a top- 
type single spin-valve configuration in which the 
antif erromagnetic layer lies at a position distant from the 
lower insulating layer (substrate) rather than the free 
magnetic layer. In the top-type configuration, for example, 
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the underlayer, the free magnetic layer , the nonmagnetic 
conductive layer , the pinned magnetic layer , the 
ant if erromagnetic layer, and the protective layer may be 
deposited in that order. 

In the second embodiment, the free magnetic layer 107 
may be a composite of two free ferromagnetic layers 
separated by a nonmagnetic conductive layer. These free 
ferromagnetic layers are antif erromagnetically coupled. 

The first pinned magnetic layer 10 5 and/or the second 
pinned magnetic layer 109 may have a ferromagnetic single- 
layer configuration. 

In the spin-valve thin-film magnetic element according 
to the first or second embodiment, the magnetic moment of 
the pinned magnetic layer may be pinned by a sensing current 
magnetic field which is generated by the sensing current, in 
place of the antif erromagnetic layer. 

Third Embodiment 

Fig. 20 is a schematic cross-sectional view, when 
viewed from a magnetic recording medium, of a spin-valve 
thin-film magnetic element 1 in accordance with a third 
embodiment of the present invention. Fig. 2 shows a 
floating magnetic head 350 having a thin-film magnetic head 
300 which includes the spin-valve thin-film magnetic element 
1. Fig. 3 is a cross-sectional view of the main portion of 
the thin-film magnetic head 3 00. 

The floating magnetic head 350 shown in Fig. 2 includes 
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a slider 351 and the thin-film magnetic head 300 which is 
provided on one side face 351d of the slider 351. The 
slider 351 has a leading end 355 lying at the upstream side 
of the moving direction of the magnetic recording medium and 
a trailing end 356. The slider 351 also has rails 351a and 
351b on an opposing face 352 which opposes the magnetic 
recording medium. Air grooves 351c are thereby formed 
between the rails 351a and 3 51b. 

Referring to Fig. 3, the thin-film magnetic head 3 00 is 
deposited on an insulating layer 362 which is formed on the 
side face 351d of the slider 351. This thin-film magnetic 
head 3 00 includes a lower shielding layer 363 provided on 
the insulating layer 362 , a lower insulating layer 364 
formed on the lower shielding layer 363, the spin-valve 
thin-film magnetic element 1 formed on the lower insulating 
layer 364 and exposed to the opposing face 352 , an upper 
insulating layer 366 which covers the spin-valve thin-film 
magnetic element 1, and an upper shielding layer 367 which 
covers the upper insulating layer 366. The upper shielding 
layer 3 67 also functions as a lower core layer of an 
inductive head h, as described below. 

The inductive head h includes the lower core layer 
(upper shielding layer) 367, a gap layer 374 provided on the 
upper shielding layer 367, a coil layer 376, an upper 
insulating layer 377 which covers the coil layer 3 76, and an 
upper core layer 378 which is coupled with the gap layer 374 
at the opposing face 352 and the upper shielding layer 367 
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in the center of the coil layer 376. 

The coil layer 376 has a planar spiral pattern. A base 
3 78b of the upper core layer 378 is magnetically coupled 
with the upper shielding layer 367 in the center of the coil 
layer 37 6. 

The upper core layer 37 8 is covered by a core 
protective layer 3 79 composed of alumina or the like. 

Referring to Fig. 20 , the spin-valve thin-film magnetic 
element 1 of this embodiment is a bottom- type single spin- 
valve thin-film magnetic element including a free magnetic 
layer , a nonmagnetic conductive layer, a pinned magnetic 
layer, and an antif erromagnetic layer which lies at a lower 
insulating layer side. 

The spin-valve thin-film magnetic element 1 includes a 
laminate 9 and is formed on a substrate as a lower 
insulating layer 364. The laminate 9 includes an underlayer 
3 composed of Ta or the like, an antif erromagnetic layer 4, 
a pinned magnetic layer 5, a nonmagnetic conductive layer 6 
composed of Cu or the like, a free magnetic layer 7, and a 
protective layer 8 composed of Ta or the like from the 
bottom. A pair of hard bias layers 32 composed of a CoPt 
alloy or the like is formed on both sides of the laminate 9 
to orient the magnetic moment of the free magnetic layer 7. 
Furthermore, a pair of lead layers 34 is formed at least on 
the hard bias layers 32 to supply a sensing current to the 
laminate 9. The lead layers 34 are composed of Cr, Ta, W, 
Au, Rh, Cu, or the like. 



The free magnetic layer 7 is a composite of a first 
free ferromagnetic sublayer 7a , a first nonmagnetic 
interlayer 7b, and a second free ferromagnetic sublayer 7c. 
The thickness of the second free ferromagnetic sublayer 7c 
is smaller than that of the first free ferromagnetic 
sublayer 7a. 

The magnetic moment of the first free ferromagnetic 
sublayer 7a is oriented in the X x direction by a bias 
magnetic field of the hard bias layers 32. The second free 
ferromagnetic sublayer 7c is antif erromagnetically coupled 
with the first free ferromagnetic sublayer 7a through the 
first nonmagnetic interlayer 7b and the magnetic moment of 
the second free ferromagnetic sublayer 7c is oriented to the 
opposite direction of the X 2 direction. 

Since the magnetic moments of the first free 
ferromagnetic sublayer 7a and the second free ferromagnetic 
sublayer 7c are antiparallel to each other, these magnetic 
moments mutually counteract. Since the first free 
ferromagnetic sublayer 7a is thicker than the second free 
ferromagnetic sublayer 7c , a small magnetic moment remains 
in the first free ferromagnetic sublayer 7a. Thus, the 
overall magnetic moment of the free magnetic layer 7 is 
oriented in the X x direction. 

The second free ferromagnetic sublayer 7c may be 
thicker than the first free ferromagnetic sublayer 7a in 
this embodiment. In such a case, the overall magnetic 
moment of the free magnetic layer 7 is oriented in the 




direction of the magnetic moment of the second free 
ferromagnetic sublayer 7c. 

The first free ferromagnetic sublayer 7a and the second 
free ferromagnetic sublayer 7c are composed of a NiFe alloy, 
elemental Co, a CoNiFe alloy, a CoFe alloy, and a CoNi alloy. 
Among these, a NiFe alloy is preferred. Furthermore, the 
first free ferromagnetic sublayer 7a and the second free 
ferromagnetic sublayer 7c are preferably composed of the 
same material. The first nonmagnetic interlayer 7b is 
preferably composed of at least one metal of Ru, Rh, Ir, Cr, 
Re, and Cu and more preferably Ru. 

The first free ferromagnetic sublayer 7a preferably has 
a thickness in the range of 3 to 6 nm. The second free 
ferromagnetic sublayer 7c preferably, has a thickness in the 
range of 0.5 to 4 nm. The first nonmagnetic interlayer 7b 
preferably has a thickness in the range of 0.7 to 0.9 nm. 

In the free magnetic layer 7, the first free 
ferromagnetic sublayer 7a and the second free ferromagnetic 
sublayer 7c are antif erromagnetically coupled with each 
other and the magnetic moment of the first free 
ferromagnetic sublayer 7a remains; hence, the free magnetic 
layer 7 exhibits synthetic f errimagnetism. The magnetic 
moment of the free magnetic layer 7 can, therefore, vary in 
response to a slight change in an external magnetic field, 
resulting in increased sensitivity of the spin-valve thin- 
film magnetic element 1. 

The pinned magnetic layer 5 is a composite of a first 
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pinned ferromagnetic sublayer 5a, a second nonmagnetic 
interlayer 5b, and a second pinned ferromagnetic sublayer 5c, 
The second pinned ferromagnetic sublayer 5c is thicker than 
the first pinned ferromagnetic sublayer 5a. 

The magnetic moment of the first pinned ferromagnetic 
sublayer 5a is pinned in the Y direction by an exchange 
coupling magnetic field with the antif erromagnetic layer 4, 
while the second pinned ferromagnetic sublayer 5c is 
2 antiferromagnetically coupled with the first pinned 

ft ferromagnetic sublayer 5a through the second nonmagnetic 

%n 

O interlayer 5b and the magnetic moment of the second pinned 
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ferromagnetic sublayer 5c is pinned in the opposite 



H direction of the Y direction. 

O 

ry Since the magnetic moments of the first pinned 

w 

Q ferromagnetic sublayer 5a and the second pinned 

ferromagnetic sublayer 5c are antiparallel to each other, 
these magnetic moments mutually counteract. Since the 
second pinned ferromagnetic sublayer 5c is thicker than the 
first pinned ferromagnetic sublayer 5a, a small magnetic 
moment remains in the second pinned ferromagnetic sublayer 
5c. Thus, the overall magnetic moment of the pinned 
magnetic layer 5 is pinned in the opposite direction of the 
Y direction. 

In this embodiment, the first pinned ferromagnetic 
sublayer 5a may be thicker than the second pinned 
ferromagnetic sublayer 5c. In such a case, the overall 
magnetic moment of the pinned magnetic layer 5 is pinned in 
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the direction of the magnetic moment of the first pinned 
ferromagnetic sublayer 5a. 

The first pinned ferromagnetic sublayer 5a and the 
second pinned ferromagnetic sublayer 5c are composed of a 
NiFe ally, elemental Co, a CoNiFe alloy, a CoFe alloy, a 
CoNi alloy, or the like. Among these materials, elemental 
Co is preferred. Moreover, the first pinned ferromagnetic 
sublayer 5a and the second pinned ferromagnetic sublayer 5c 
are preferably composed of the same material. The second 
nonmagnetic interlayer 5b is preferably composed of at least 
one metal of Ru, Rh, Ir, Cr, Re, and Cu and more preferably 
Ru. 

The first pinned ferromagnetic sublayer 5a has a 
thickness in the range. of 1 to 2.5 nm. The second pinned 
ferromagnetic sublayer 5c has a thickness in the range of 2 
to 3 nm. The second nonmagnetic interlayer 5b has a 
thickness in the range of 0.7 to 0.9 nm. 

In the pinned magnetic layer 5, the first pinned 
ferromagnetic sublayer 5a and the second pinned 
ferromagnetic sublayer 5c are antif erromagnetically coupled 
with each other and the magnetic moment of the second pinned 
ferromagnetic sublayer 5c remains; hence, the pinned 
magnetic layer 5 exhibits synthetic f errimagnetism. The 
magnetic moment of the pinned magnetic layer 5 can, 
therefore, be firmly pinned. The magnetic moment of the 
free magnetic layer 7 is substantially orthogonal to the 
magnetic moment of the pinned magnetic layer 5. 
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Each of the free magnetic layer 7 and the pinned 
magnetic layer 5 has two ferromagnetic layers (first and 
second free ferromagnetic sublayers 7a and 7c and first and 
second pinned ferromagnetic sublayers 5a and 5c, 
respectively). Alternatively, each layer may have three or 
more ferromagnetic sublayers. In such a case, it is 
preferable that these ferromagnetic sublayers be separated 
by nonmagnetic interlayers and the magnetic moments of two 
adjacent ferromagnetic layers be antiparallel to each other 
so that the overall layer is in a f errimagnetic state. 

The nonmagnetic conductive layer 6 moderates magnetic 
coupling between the free magnetic layer 7 and the pinned 
magnetic layer 5. Furthermore, a sensing current primarily 
flows in the nonmagnetic conductive layer 6. Thus, the 
nonmagnetic conductive layer 6 is preferably formed of a 
conductive nonmagnetic material, such as Cu, Cr, Au, and Ag, 
and more preferably formed of Cu. The nonmagnetic 
conductive layer 6 preferably has a thickness in the range 
of 2 to 3 nm. 

The antiferromagnetic layer 4 is preferably composed of 
a PtMn alloy. The PtMn alloy exhibits higher corrosion 
resistance compared with NiMn alloys and FeMn alloys which 
have been conventionally used for antiferromagnetic layers, 
a high blocking temperature, and a large exchange coupling 
magnetic field. 

The antiferromagnetic layer 4 may be composed of either 
an XMn alloy or a PtX'Mn alloy wherein X is one metal 



selected from Pt, Pd, Ir, Rh, Ru, and Os and X 1 is at least 
one element selected from Pd, Cr , Ru, Ni, Ir, Rh, Os, Au, Ag, 
Ne, Ar, Xe, and Kr. 

In the PtMn alloy and the XMn alloy, Pt and X contents 
are preferably in the range of 37 to 63 atomic percent and 
more preferably 44 to 57 atomic percent. 

In the PtX'Mn alloy, the total of X 1 and Pt contents is 
preferably in the range of 37 to 63 atomic percent and more 
preferably 44 to 57 atomic percent. 

The antif erromagnetic layer 4 preferably has a 
thickness in the range of 8 to 20 nm. 

An alloy having the above composition is annealed in a 
magnetic field to make an antif erromagnetic layer which 
generates a large exchange coupling magnetic field. This 
exchange coupling magnetic field firmly pins the magnetic 
moment of the pinned magnetic layer 5. In particular, an 
antif erromagnetic layer 4 composed of a PtMn alloy exhibits 
an exchange coupling magnetic field exceeding 6.4 x 10 A/m 
and has an extremely high blocking temperature of 653 K 
(380°C) in which the antif erromagnetic layer 4 loses the 
exchange coupling magnetic field. 

The antif erromagnetic layer 4 extends towards both 
sides in the X x direction. Insulating layers 30, the hard 
bias layers 32, and the lead layers 34 are provided on the 
extensions 4a of the antif erromagnetic layer 4. The 
insulating layers 30 are also provided on side faces 9b of 
the laminate 9. 



The insulating layers 30 and the hard bias layers 32 
are separated by bias underlayers 31 composed of Ta, W, or 
Cr. When the bias underlayers 31 are composed of, for 
example , Cr which is a nonmagnetic metal and has a body 
centered cubic (bcc) structure, the hard bias layers 32 
formed thereon have a large coercive force and a large 
remanence ratio, thus increasing a bias magnetic field 
required for single-domain alignment of the free magnetic 
layer 7. 

The hard bias layers 32 are composed of, for example, a 
CoPt alloy and are provided at both sides of the laminate 9 
in the X x direction (track width direction). In this 
embodiment, the hard bias layers 32 extend on both sides of 
the free magnetic layer 7 in the X x direction to effectively 
apply a bias magnetic field to the free magnetic layer 7, to 
orient the magnetic moment of the free magnetic layer 7, and 
to reduce Barkhausen noise. 

The insulating layers 30 are provided over the 
extensions 4a , the side faces 9b of the laminate 9, and top 
ends 9a in the XI direction of the laminate 9. The top ends 
9a are adjacent to the hard bias layers 32. 

The hard bias layers 32 are covered by insulating 
layers 33. The insulating layers 33 are joined to the 
insulating layers 30 at sides of the laminate 9 above the 
hard bias layers 32. 

The insulating layers 3 0 and 33 are preferably composed 
of one oxide selected from aluminum oxide, silicon oxide, 
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tantalum oxide, titanium oxide, zirconium oxide, hafnium 
oxide, chromium oxide, vanadium oxide, and niobium oxide or 
one compound oxide composed of at least two of these oxides. 
The thickness of these layers is preferably in the range of 
0.5 nm to 20 nm. 

If the thickness of the insulating layers 30 is less 
than 0.5 nm at the side faces 9b of the laminate 9, pinholes 
jjt would be formed in the insulating layers 30, resulting in 

■335% 

q insufficient insulation between the hard bias layers 32 and 

Uj the laminate 9. At a thickness exceeding 20 nm, the bias 

J? magnetic field from the hard bias layers 32 may not 

sufficiently orient the magnetic moment of the free magnetic 
layer 7 in the direction described above. Furthermore, the 

W gap width undesirably increases because the spin-valve thin- 

W 

■O film magnetic element 1 has a large thickness. 

If the thickness of the insulating layers 33 is less 
than 0.5 nm, pin holes would be formed in the insulating 
layers 33. At a thickness exceeding 20 nm, the gap width 
undesirably increases because the spin-valve thin-film 
magnetic element 1 has a large thickness. 

The lead layers 34 are formed on the hard bias layers 
32 separated by the insulating layers 33, and extend toward 
the center of the laminate 9 compared with the insulating 
layers 30. In other words, the lead layers 34 have overlay 
sections 34a and edges 34b thereof partially extend on and 
are in contact with the laminate 9. 

The two lead layers 34 are disposed at a distance Tw in 
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the X x direction. This distance Tw defines an optical track 
width of the spin-valve thin-film magnetic element 1. 

The width (represented by symbol W x in Fig. 20) of the 
overlay sections 34a in the track width direction is 
preferably in the range of 0.1 («n to 0.3 jiiii. In such a 
configuration, the bias magnetic field fixes the magnetic 
moment of the free magnetic layer at both ends. Since no 
sensing currents flow at the both ends of the free magnetic 
layer , the spin-valve thin-film magnetic element 1 has a 
reduced track width. 

The lead layers 34 are in contact with the laminate 9 
only at the edges 34b and are insulated from the laminate 9 
by the insulating layers 30 at other portions. The lead 
layers 34 are also insulated from the hard bias layers 32 by 
the insulating layers 33. Thus, a sensing current from one 
lead layer 34 flows into the laminate 9 via one edge 34b and 
the other lead layer 34 via the other edge 34b, as shown in 
arrows J in the drawing, and the sensing current does not 
flow through the side faces 9b into the laminate 9. 

The width W 2 of the edges 34b of the lead layers 34 in 
the X x direction is preferably in the range of 0.01 jxm to 
0.05 \xm to ensure wide contact areas between the lead layers 
34 and the laminate 9. Since the contact resistance at the 
edges 34b is reduced, the sensing current effectively flows 
in the laminate 9. 

Since the lead layers 34 are insulated from the hard 
bias layers 32 by the insulating layers 3 3 and since the 



hard bias layers 32 are insulated from the side faces 9b of 
the laminate 9 by the insulating layers 30 , the sensing 
current does not flow into the side faces 9b via the hard 
bias layers 32. 

Moreover, the insulating layers 3 0 extend between the 
overlay sections 34a and the top ends 9a of the laminate 9; 
hence, the sensing current does not flow into one top end 9a 
via one overlay section 34a and into the other top end 9a 
via the other overlay section 34a. 

In the laminate 9, the sensing current is concentrated 
in the center which is not provided with the lead layers 34. 
Thus, the center exhibits an outstanding magnetoresistive 
(MR) effect and a high sensitivity to a leakage magnetic 
field from a magnetic recording medium. Thus, the center is 
defined as a sensitive region S, as shown in Fig. 20. 

In contrast, the sensing current flows in only small 
portions of the laminate 9 which are in contact with the 
edges 34b. Thus, the top portions exhibit a small MR effect 
and are insensitive to the leakage magnetic field of the 
magnetic recording medium. 

Moreover, at the top ends 9a of the laminate 9, the 
magnetic moment of the free magnetic layer 7 is firmly fixed 
by the bias magnetic field from the hard bias layers 32; 
hence, these top ends 9a barely exhibit an MR effect. 

In addition, the insulating layers 3 0 prevent the 
sensing current from flowing in the top ends 9a. Thus, the 
top ends 9a exhibit no MR effects and is quite insensitive 
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to the leakage magnetic field from the magnetic recording 
medium. 

Accordingly , the top portions in contact with the edges 
34b are defined as insensitive regions N, as shown in Fig. 
20. 

As described above, the laminate 9 is divided into the 
sensitive region S, which contributes to reading the 
recording magnetic field from the magnetic recording medium/ 
and the insensitive regions N, which do not contribute to 
reading the recording magnetic field. Since the width Tw of. 
the sensitive region S corresponds to the track width, the 
track width of the spin-valve thin-film magnetic element 1 
can be reduced. 

Moreover, the sensing current can be concentrated into 
the sensitive region S of the laminate 9, the rate of change 
in resistance in the sensitive region S is improved, 
resulting in improved output characteristics of the spin- 
valve thin-film magnetic element 1 . 

Since the insulating layers 30 prevent the sensing 
current from flowing in the top ends 9a of the laminate 9, 
the top ends 9a do not exhibit an MR effect. Thus, the 
spin-valve thin-film magnetic element 1 does not generate 
side reading. 

A third method for making the spin-valve thin-film 
magnetic element 1 according to the third embodiment will 
now be described with reference to the drawings . 

This method includes a laminate forming step which 
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forms a laminate having a trapezoidal cross-section on a 
substrate, a bias layer forming step for depositing hard 
bias layers, an insulating layer forming step, a second 
resist layer forming step, an etching step, and a lead layer 
forming step. 

Referring to Fig. 21, in the laminate forming step, the 
underlayer 3, the antif erromagnetic layer 4, the first 

y, pinned ferromagnetic sublayer 5a, the second nonmagnetic 

O 

H interlayer 5b, the second pinned ferromagnetic sublayer 5c, 

the nonmagnetic conductive layer 6, the first free 
ferromagnetic sublayer 7a, the first nonmagnetic interlayer 
7b, the second free ferromagnetic layer 7c, and the 
protective layer 8 are deposited in that order on the lower 
insulating layer (substrate) 3 64 to form a laminate layer 9c. 

The laminate layer 9c is annealed in a magnetic field 
to pin the magnetic moment of the pinned magnetic layer 5 by 
an exchange coupling magnetic field from the 
antif erromagnetic layer 4 to the pinned magnetic layer 5. 

Next, a first lift-off resist layer 1^ is formed on the 
laminate layer 9c. The first lift-off resist layer L x has a 
contact face 51 which is in contact with the laminate layer 
9c and two side faces 52, the contact face 51 lying between 
these side faces 52. A pair of incisions 53 is provided 
between the side faces 52 and the contact face 51 in the 
track width direction. 

Referring to Fig. 22, the laminate layer 9c is 
irradiated with etching particles containing ion beams of 



m 
o 



h 
ru 



- 82 - 



inert gas such as Ar at an etching angle 6 d2 with respect to 
the lower insulating layer (substrate) 3 64 to etch both 
sides of the laminate layer 9c so that the lower half 
(extension) 4a of the ant if erromagnetic layer 4 remains at 
each of the both sides which lie outside the side faces 52 
of the first lift-off resist layer L x in the X x direction 
(track width direction). The laminate 9 thereby has a 
trapezoidal cross-section 9 and side faces 9b, and the 
antiferromagnetic layer 4 has extensions 4a which extend at 
both sides in the X 1 direction. 

The irradiation with etching particles is preferably 
performed by ion milling with Ar or reactive ion etching 
(RIE). Since these methods use highly directional etching 
particles , the etching particles can be oriented in a 
specific direction . 

The etching angle 9 d2 defining the direction of the 
etching particles is preferably in the range of 60° to 90°. 
This etching angle 8 d2 can be controlled by adjusting , for 
example, the angle between an ion gun grid and the lower 
insulating layer 364. 

The both sides of the laminate layer 9c can be 
anisotropically etched by etching particles which are 
incident on the laminate layer 9c at the etching angle 0 d2 to 
form the laminate 9 having a trapezoidal cross-section and 
the side faces 9b. 

Referring to Fig. 23, in the insulating layer forming 
step, the insulating layers 30 are deposited on the laminate 
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9 by a first sputtering process at a sputtering angle 0 dl 
(angle 9 d2 > angle 6 dl ) with respect to the lower insulating 
layer 364. Sputtering particles also enter the incisions 53 
of the first lift-off resist layer L x . As a result, the 
insulating layers 30 extend over the extensions 4a, the side 
faces 9b , and both top ends of the laminate 9 below the 
incisions 53. The sputtering particles also are deposited 
on the first lift-off resist layer L x to form a layer 30' 
which has the same composition as that of the insulating 
layers 30. 

The etching angle 6 dl is preferably in the range of 40° 
to 80°. The etching angle 0 dl is preferably smaller than the 
etching angle 9 d2 . The etching angle 8 dl is controlled by 
adjusting , for example , the angle between the surface of a 
target for sputtering and the lower insulating layer 364. 

Since the first sputtering process is performed at the 
etching angle 0 dl , the sputtering particles enter the 
incisions 53. The insulating layers 30 thereby extend over 
the extensions 4a, the side faces 9b, and the top ends 9a of 
the laminate 9. 

Referring to Fig. 24, in the bias layer forming step, 
the bias underlayers 31 and the hard bias layers 32 are 
deposited on both sides of the laminate 9 by a second 
sputtering process (ion beam sputtering or the like) using 
other types of sputtering particle at the etching angle 9 d2 
with respect to the lower insulating layer 3 64. The etching 
angle 8 d2 is preferably in the range of 60° to 90° and may be 
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the same as the etching angle in the laminate forming step. 

The bias underlayers 31 and the hard bias layers 32 are 
deposited on the insulating layers 33 in the region of the 
extensions 4a and the side faces 9b of the laminate 9. The 
hard bias layers 32 are preferably deposited up to at least 
the level of the free magnetic layer 7. 

During this bias layer forming step, sputtering 
particles are deposited on the first lift-off resist layer 
L x to form layers 31' and 32' which have the same 
compositions as those of the bias underlayers 31 and the 
hard bias layers 32. 

Referring to Fig. 24, in the insulating layer forming 
step, a third sputtering process is performed using another 
type of sputtering particles at an etching angle 8 d2 with 
respect to the lower insulating layer 364 to form the 
insulating layers 33 which has the same composition as that 
of the insulating layers 30 on the hard bias layers 32. 
Sputtering particles are also deposited on the first lift- 
off resist layer L x to form a layer 33' which has the same 
composition as that of the insulating layers 33. 

The third sputtering process is preferably performed by 
ion beam sputtering or the like as in the above method. The 
etching angle 8 d2 is preferably in the range of 60° to 90° 
and may be substantially the same as the etching angle in 
the laminate forming step. 

The third sputtering process may be performed at the 
etching angle 0 dl when the insulating layers 30 are deposited 
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on the tuning coil 30 lying on the top ends 9a of the 
laminate 9 . 

With reference to Fig. 25, in the second resist layer 
forming step, the first lift-off resist layer L x is removed, 
and then a second lift-off resist layer L 2 is formed 
substantially on the central surface of the laminate 9. The 
second lift-off resist layer L 2 has a contact face 57 which 
is in contact with the laminate 9 and two side faces 58, the 
contact face 57 lying between these side faces 58. A pair 
H] of incisions 59 is provided between the side faces 58 and 

6 

the contact face 57 in the X x direction. The width of the 
contact face 57 in the X x direction is smaller than that of 
the contact face 51 of the first lift-off resist layer L x . 

By forming the second lift-off resist layer L 2 in such a 
manner, the protective layer 8 is partially exposed under 
the incisions 59 to form exposed surfaces 9d. 

The width of the exposed surfaces 9d in the X ± direction 
is defined by the difference between the width of the 
contact face 51 of the first lift-off resist layer L x in the 
X x direction and the width of the contact face 57 of the 
second lift-off resist layer L 2 in the X x direction. This 
width of the exposed surfaces 9d corresponds to the width W 2 
of the edges 34b of the lead layers 34 in Fig. 20. Thus, 
the first lift-off resist layer L 2 and the second lift-off 
resist layer L 2 precisely control the width of the exposed 
surfaces 9d and the contact area of the lead layers 34 so 
that the sensing current effectively flows in the laminate 9. 
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Referring to Fig* 26, in the etching step, the exposed 
surfaces 9d are etched by irradiation with second etching 
particles- The insulating layers 33 are also etched to 
become thinner in this process. 

The surfaces of the exposed surfaces 9d have been 
contaminated by various contaminants during removing the 
first lift-off resist layer L x and forming the second lift- 
off resist layer L 2 in the second resist layer forming step. 
If the lead layers 34 are formed without removing these 
contaminants, the contact resistance between the lead layers 
34 and the laminate 9 may increase. The exposed surfaces 9d 
are cleaned by this etching step. 

Referring to Fig. 27, in the lead layer forming step, 
the lead layers 34 are deposited on the insulating layers 33 
by a fourth sputtering process using another type of 
sputtering particles. Sputtering particles enter the 
incisions 59 of the second lift-off resist layer L 2 , so that 
the lead layers 34 extend over the insulating layers 33 and 
the exposed surfaces 9d in the incisions 59. 

The sputtering particles are also deposited on the 
second lift-off resist layer L 2 to form a layer 34' having 
the same composition as that of the lead layers 34. 

The fourth sputtering process is preferably performed 
by ion beam sputtering as described above. Preferably, the 
etching angle of the fourth sputtering process is 
substantially equal to the etching angle of the etching 
particles in the etching step. 
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As described above, the lead layers 34 have the overlay 
sections 34a which extend on the exposed surfaces 9d in the 
central regions of the laminate 9. The edges 34b of the 
overlay sections 34a come into direct contact with the 
laminate 9 . 

In the final stage, the second lift-off resist layer L 2 
is removed, and the laminate 9 is annealed in a magnetic 
field so that the hard bias layers 32 generates a bias 
magnetic field which orients the magnetic moment of the free 
magnetic layer 7 in the X x direction. The spin-valve thin- 
film magnetic element 1 shown in Fig. 20 is thereby formed. 

According to the third method for making the spin-valve 
thin-film magnetic element 1, the first sputtering process 
is performed at an sputtering angle 6 dl to form the 
insulating layers 30 in the incisions 53 of the first lift- 
off resist layer L x . Moreover, the second sputtering 
process is performed to fonri the lead layers 34 in the 
incisions 59 of the second lift-off resist layer L 2 . Thus, 
the insulating layers 3 0 extend on the top ends 9a of the 
laminate 9. Moreover, the lead layers 34 extend towards the 
center of the laminate 9 compared with the insulating layers 
30 and are in direct contact with the laminate 9. Since the 
tuning coil 30 blocks shunt of the detecting current from 
the side faces 9b, the spin-valve thin-film magnetic element 
1 does not generate side reading. 

A modification of the third embodiment of the spin- 
valve thin-film magnetic element 1 will now be described 
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with reference to Fig. 28. In this modification/ the top 
ends 9a of the laminate 9 are covered by the insulating 
layers 33 instead of the tuning coil 30. The other 
components in this modification are the same as those in the 
third embodiment and are referred to with the same reference 
numerals. Since the insulating layers 30 and the insulating 
bond 33 are composed of substantially the same material , 
this modification has the same advantages as these in the 
third embodiment. 

A fourth method for making the radiof requency 
characteristic A according to this modification will now be 
described. In the fourth method, the hard bias layers are 

t formed ant then a second lift-off resist layer is formed to 

?~» 

rU form the insulating layers and the lead layers . 

yj 

O The fourth method includes a laminate forming step, a 

H 

first insulating layer forming step, a bias layer forming 
step, a second resist layer forming step, a second 
insulating layer forming step, an etching step, and a lead 
layer forming step. 

As shown in Fig. 21, in the laminate forming step, 
layers from the underlayer 3 to the protective layer 8 are 
deposited to form the laminate layer 9c, and the laminate 
layer 9c is annealed in a magnetic field to pin the magnetic 
moment of the pinned magnetic layer 5 by an exchange 
coupling magnetic field from the antif erromagnetic layer 4 
to the pinned magnetic layer 5. A first lift-off resist 
layer L x is formed on the laminate layer 9c. The first 
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lift-off resist layer L x has a contact face 51 which is in 
contact with the laminate layer 9c and two side faces 52 , 
the contact face 51 lying between these side faces 52. A 
pair of incisions 53 is provided between the side faces 52 
and the contact face 51 in the track width direction. 

Referring to Fig. 22 , the laminate layer 9c is 
irradiated with etching particles to etch both sides of the 
laminate layer 9c as in Fig. 22 so that the lower half 
(extension) 4a of the ant if erromagnetic layer 4 remains at 
each of the both sides in the X x direction. Preferably, the 
etching angle of the etching particles is substantially 
equal to the etching angle 0 d2 and thus is in the range of 
60° to 90°. The laminate 9 thereby has a trapezoidal cross- 
section and the side faces 9b, and the antif erromagnetic 
layer 4 has extensions 4a which extend at both sides in the 
X x direction. 

Referring to Fig. 30, the insulating layers 30, the 
bias underlayers 31, and the hard bias layers 32 are 
deposited on both sides of the laminate 9 by a first 
sputtering process as in Fig. 2 3 (the first insulating layer 
forming step and the bias layer forming step) using 
sputtering particles. The insulating layers 30, the bias 
underlayers 31, and the hard bias layers 32 are deposited on 
the side faces 9b and the extensions 4a which extend at both 
sides of the laminate 9. The hard bias layers 32 are 
preferably deposited up to at least the level of the free 
magnetic layer 7 . 
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Preferably, the sputtering angle of the first 
sputtering process is substantially equal to the etching 
angle 9 d2 and thus is in the range of 60° to 90°. 

During this step, sputtering particles are deposited on 
the first lift-off resist layer L x to form layers 30' , 31', 
and 32* which have the same compositions as those of the 
insulating layers 30, the bias underlayers 31, and the hard 

m bias layers 32. 

Q 

□ Referring to Fig. 31, in the second resist layer 

y* 

|f] forming step, the first lift-off resist layer L x is removed 

Q 

and then a second lift-off resist layer L 12 is formed on the 
laminate 9. The second lift-off resist layer L 12 has a 
contact face 60 which is in contact with the laminate 9 and 
two side faces 61, the contact face 60 lying between these 
side faces 61. A pair of incisions 62 is provided between 
the side faces 61 and the contact face 60 in the X x 
direction. The width of the contact face 60 in the X x 
direction is smaller than that of the contact face 51 of the 
first lift-off resist layer L x . 

Furthermore, the distance between the side faces 61 is 
smaller than the distance between the side faces 52 of the 
first lift-off resist layer L x and smaller than the width of 
the upper face in the track width direction of the laminate 
9. 

Referring to Fig. 32, in the insulating layer forming 
step, the insulating layers 33 are deposited on the laminate 
9 using another type of sputtering particle at the outer 
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regions of the side faces 61 of the second lift-off resist 
layer L 12 in the X x direction by a second sputtering process 
at a sputtering angle 8 d3 with respect to the lower 
insulating layer 364, The insulating layers 33 extend over 
the top ends 9a of the laminate 9 and the hard bias layers 
32 at the outer regions of the side faces 61. 

In this process, sputtering particles having the 
sputtering angle 9 d3 do not enter the incisions 62 of the 
second lift-off resist layer L 12 . As a result, the 
insulating layers 33 are not formed on the exposed surfaces 
9c of the laminate 9 in the incisions 62. 

The sputtering particles also are deposited on the 
second lift-off resist layer L 12 to form a layer 33' which 
has the same composition as that of the insulating layers 33. 

The second sputtering process is preferably performed 
by ion beam sputtering or the like as in the above method. 
The sputtering angle 8 d3 is preferably in the range of 60° to 
90°. At a sputtering angle 6 d3 of less than 60°, the 
sputtering particles are incident on the incisions 62 of the 
second lift-off resist layer L 12 - In such a state, the lead 
layers formed in a subsequent step will not come into 
contact with the laminate 9 . At a sputtering angle 6 d3 
exceeding 90°, the ends of the insulating layers 33 are not 
positioned at the side faces 61. 

The sputtering angle B d3 is controlled by adjusting, for 
example, the angle between the surface of a target for 
sputtering and the lower insulating layer 3 64. 
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Since the second sputtering process is performed at the 
sputtering angle 8 d3 , the insulating layers 33 are formed so 
as to extend over the hard bias layers 32 and the top ends 
9a of the laminate 9 and not to extend on the exposed 
surfaces 9d of the laminate 9 in the incisions 62. 

Referring to Fig. 31, in the etching step, the exposed 
surfaces 9d of the laminate 9 in the incisions 62 are etched 
by irradiation with second etching particles at an etching 
angle 9 d4 (8 d3 > 8 d4 ) . The insulating layers 33 are also 
etched to become thinner in this process. 

The surfaces of the exposed surfaces 9d have been 
contaminated by various contaminants during removing the 
first lift-off resist layer L x and forming the second lift- 
off resist layer L 12 in the second resist layer forming step. 
If the lead layers 34 are formed without removing these 
contaminants, the contact resistance between the lead layers 
34 and the laminate 9 may increase. The exposed surfaces 9d 
are cleaned by this etching step. 

The etching angle 8 d4 is preferably in the range of 40° 
to 80°. Preferably, the etching angle 8 d4 is smaller than 
the sputtering angle 6 d3 . This etching angle 8 d4 can be 
controlled by adjusting, for example, the angle between an 
ion gun grid and the lower insulating layer 364. 

Since the etching angle 8 d4 is smaller than the 
sputtering angle 8 d3 , the second etching particles enter the 
incisions 62 to etch the exposed surfaces 9d of the laminate 
9. 
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At an etching angle 0 d4 of less than 40° , the second 
lift-off resist layer L 12 is excessively etched. The excess 
etching of the second lift-off resist layer L 12 will result 
in an erroneous size of the lead layers in the lead layer 
forming step. At an etching angle 6 d4 exceeding 80° , the 
second etching particles do not enter the incisions 62 and 
the exposed surfaces 9d will not be satisfactorily etched. 

Referring to Fig. 34 , in the lead layer forming step, 
the lead layers 34 are deposited on the insulating layers 33 
by a third sputtering process using another type of 
sputtering particle at the sputtering angle 8 d4 with respect 
to the lower insulating layer 364. In this process, 
sputtering particles enter the incisions 62 of the second 
lift-off resist layer L 12 , so that the lead layers 34 extend 
on the exposed surfaces 9d in the incisions 62. 

The sputtering particles are also deposited on the 
second lift-off resist layer L 12 to form a layer 34' having 
the same composition as that of the lead layers 34. 

The third sputtering process is preferably performed by 
ion beam sputtering as described above. Preferably, the 
sputtering angle 0 d4 in the third sputtering process is 
substantially equal to the etching angle 6 d4 of the etching 
particles in the etching step so that the sputtering 
particles enter the incisions 62 of the second lift-off 
resist layer L 12 . 

As described above, the lead layers 34 have the overlay 
sections 34a which extend on the exposed surfaces 9d in the 
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central regions of the laminate 9. The edges 34b of the 
overlay sections 34a come into direct contact with the 
laminate 9. 

In the final stage, the second lift-off resist layer L 12 
is removed, and the laminate 9 is annealed in a magnetic 
field so that the hard bias layers 32 generates a bias 
magnetic field which orients the magnetic moment of the free 

§* magnetic layer 7 in the X x direction. The spin-valve thin- 

O 

Q film magnetic element 1 shown in Fig. 28 is thereby formed. 

if} According to the fourth method for making the spin- 

Q 

valve thin-film magnetic element 1, the insulating layers 30 
!~ are formed on the side faces 9b of the laminate 9, and then 

q the insulating layers 33 are formed at the outer regions of 

the side faces 61 of the first lift-off resist layer L x by 
sputtering at the sputtering angle 8 d3 . Moreover, the third 
sputtering process is performed at a sputtering angle 6 d4 to 
form the lead layers 34 in the incisions 62 of the second 
lift-off resist layer L 12 . Thus, the insulating layers 33 
extend on the top ends 9a of the laminate 9, and the lead 
layers 34 extend towards the center of the laminate 9 
compared with the insulating layers 33 and are in direct 
contact with the laminate 9. Accordingly, the spin-valve 
thin-film magnetic element 1 does not generate side reading. 

Fourth Embodiment 

Fig. 35 is a schematic cross-sectional view, when 
viewed from a magnetic recording medium, of a spin-valve 
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thin-film magnetic element 101 in accordance with a fourth 
embodiment of the present invention. 

This spin-valve thin-film magnetic element 101 also 
constitutes a thin-film magnetic head. The thin-film 
magnetic head and an inductive head constitute a floating 
magnetic head, like the first embodiment. 

This spin-valve thin-film magnetic element 101 is of a 
dual type in which a first nonmagnetic conductive layer 106 , 
a first pinned magnetic layer 105 , and a first 
antif erromagnetic layer 104 are deposited on one face of a 
free magnetic layer 107 in the thickness direction, and a 
second nonmagnetic conductive layer 108, a second pinned 
magnetic layer 109, and a second antif erromagnetic layer 110 
are deposited on the other face of the free magnetic layer 
107. 

That is, the spin-valve thin-film magnetic element 101 
has a lower insulating layer 3 64 and a laminate 112 formed 
on the lower insulating layer 364. The laminate 112 
includes an underlayer 103, the first antif erromagnetic 
layer 104, the first pinned magnetic layer 105, the first 
nonmagnetic conductive layer 106, the free magnetic layer 
107, the second nonmagnetic conductive layer 108, the second 
pinned magnetic layer 109, the second antif erromagnetic 
layer 110, and a protective layer 111, in that order from 
the bottom. The laminate 112 has a trapezoidal cross- 
section. 

Hard bias layers 132 composed of a CoPt alloy or the 



- 96 - 



+ * 

like are formed on both sides of the laminate 112 to orient 
the magnetic moment of the free magnetic layer 107. 
Furthermore, lead layers 134 are formed on the hard bias 
layers 132 to supply a sensing current to the laminate 112. 
The lead layers 134 are composed of Cr, Ta, W, Au, Rh, Cu, 
or the like. 

The laminate 112 of this spin-valve thin-film magnetic 
element 101 has a dual spin-valve structure, unlike the 
third embodiment. 

The free magnetic layer 107 is a composite of a first 
antidif fusion sublayer 107a composed of Co or the like, a 
free ferromagnetic layer 107b composed of a NiFe alloy or 
the like, and a second antidif fusion sublayer 107c composed 
of Co or the like. The first antidif fusion sublayer 107a 
and the second antidif fusion sublayer 107c prevent 
interdif fusion between the free ferromagnetic layer 107b and 
the first nonmagnetic conductive layer 106 and between the 
free ferromagnetic layer 107b and the second nonmagnetic 
conductive layer 108. 

The thickness of each of the first antidif fusion 
sublayer 107a and the second antidif fusion sublayer 107c is 
preferably in the range of 0.2 nm to 1 nm, and the thickness 
of the free ferromagnetic layer 107b is preferably in the 
range of 1 nm to 5 nm. 

The magnetic moment of the free magnetic layer 107 is 
oriented in the X ± direction by a bias magnetic field from 
the hard bias layers 132. Since the free magnetic layer 107 
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is aligned in a single-domain state, Barkhausen noise of the 
spin-valve thin-film magnetic element 101 can be reduced. 

The first antif erromagnetic layer 104 and the second 
ant if erromagnetic layer 110 are provided to pin the magnetic 
moments of the first pinned magnetic layer 105 and the 
second pinned magnetic layer 109 , respectively. These 
antiferromagnetic layers are preferably composed of the same 
PtMn alloy as that for the antiferromagnetic layer 4 in the 
third embodiment. 

The first antiferromagnetic layer 104 and the second 
antiferromagnetic layer 110 may be composed of either an XMn 
alloy or a PtX'Mn alloy wherein X is one metal selected from 
Pt, Pd f Ir, Rh, Ru, and Os and X 1 is at least one element 
selected from Pd, Cr, Ru, Ni, Ir, Rh, Os, Au, Ag, Ne, Ar, Xe, 
and Kr, like the antiferromagnetic layer 4 in the third 
embodiment. 

The composition of the PtMn alloy, the XMn alloy, and 
the PtX'Mn alloy and the thickness of the first 
antiferromagnetic layer 104 and the second antiferromagnetic 
layer 110 are substantially the same as those of the 
antiferromagnetic layer 4 in the third embodiment. 

The thickness of the second antiferromagnetic layer 110 
is preferably 12 nm or less and more preferably in the range 
of 8 nm to 12 nm. 

Since the thickness of the second antiferromagnetic 
layer 110 having relatively high resistance is reduced to 12 
nm or less, the sensing current from one lead layer 134 



effectively flows into the laminate 112. Since the 
thickness of the second antif erromagnetic layer 110 is 
adjusted to 8 nm or more, the exchange coupling magnetic 
field is sufficiently large to pin the magnetic moment of 
the second pinned magnetic layer 109. 

Using an alloy having the above composition, the first 
antiferromagnetic layer 104 and the second antif erromagnetic 
layer 110 are annealed in a magnetic field to generate a 
large exchange coupling magnetic field. This exchange 
coupling magnetic field firmly pins the magnetic moment of 
the first pinned magnetic layer 105 and the magnetic moment 
of the second pinned magnetic layer 109. In particular, a 
first antiferromagnetic layer 104 and a second 
antiferromagnetic layer 110 composed of a PtMn alloy exhibit 
an exchange coupling magnetic field exceeding 6.4xl0 4 A/m 
and have an extremely high blocking temperature of 653 K 
(380°C) in which these antiferromagnetic layers lose the 
exchange coupling magnetic field. 

The first pinned magnetic layer 105 is a composite of a 
first pinned ferromagnetic sublayer 105a, a first 
nonmagnetic interlayer 105b, and a second pinned 
ferromagnetic sublayer 105c. The second pinned 
ferromagnetic sublayer 105c is thicker than the first pinned 
ferromagnetic sublayer 105a. 

The magnetic moment of the first pinned ferromagnetic 
sublayer 105a is pinned in the Y direction by an exchange 
coupling magnetic field with the first antiferromagnetic 



- 99 - 



layer 104 , while the second pinned ferromagnetic sublayer 
105c is antiferromagnetically coupled with the first pinned 
ferromagnetic sublayer 105a and the magnetic moment of the 
second pinned ferromagnetic sublayer 105c is pinned in the 
opposite direction of the Y direction. 

Since the magnetic moments of the first pinned 
ferromagnetic sublayer 105a and the second pinned 
ferromagnetic sublayer 105c are antiparallel to each other , 
these magnetic moments mutually counteract. Since the 
second pinned ferromagnetic sublayer 105c is thicker than 
the first pinned ferromagnetic sublayer 105a, a small 
magnetic moment remains in the second pinned ferromagnetic 
sublayer 105c. Thus, the overall magnetic moment of the 
first pinned magnetic layer 105 is pinned in the opposite 
direction of the Y direction. 

The second pinned magnetic layer 109 is a composite of 
a third pinned ferromagnetic sublayer 109a , a second 
nonmagnetic interlayer 109b, and a fourth pinned 
ferromagnetic sublayer 109c. The fourth pinned 
ferromagnetic sublayer 109c is thicker than the third pinned 
ferromagnetic sublayer 109a. 

The magnetic moment of the fourth pinned ferromagnetic 
sublayer 109c is pinned in the Y direction by an exchange 
coupling magnetic field with the second antif erromagnetic 
layer 110, while the third pinned ferromagnetic sublayer 
109a is antiferromagnetically coupled with the fourth pinned 
ferromagnetic sublayer 109c and the magnetic moment of the 



third pinned ferromagnetic sublayer 109a is pinned in the 
opposite direction of the Y direction. 

Like the first pinned magnetic layer 105 , the magnetic 
moments of the third pinned ferromagnetic sublayer 109a and 
fourth pinned ferromagnetic sublayer 109c mutually 
counteract. Since the fourth pinned ferromagnetic sublayer 
109c is thicker than the third pinned ferromagnetic sublayer 
109a , a small magnetic moment remains in the fourth pinned 
ferromagnetic sublayer 109c. Thus, the overall magnetic 
moment of the second pinned magnetic layer 109 is pinned in 
the Y direction in the drawing. 

Accordingly, the first pinned ferromagnetic sublayer 
105a and the second pinned ferromagnetic sublayer 105c in 
the first pinned magnetic layer 105 and the third pinned 
ferromagnetic sublayer 109a and the fourth pinned 
ferromagnetic sublayer 109c in the second pinned magnetic 
layer 109 are antif erromagnetically coupled with each other, 
and small magnetic moments remain in the second pinned 
ferromagnetic sublayer 105c and the fourth pinned 
ferromagnetic sublayer 109c. Accordingly, the first pinned 
magnetic layer 105 and the second pinned magnetic layer 109 
exhibit a synthetic f errimagnetic state. 

Moreover, the magnetic moment of the free magnetic 
layer 107 is substantially orthogonal to the magnetic 
moments of the first pinned magnetic layer 105 and the 
second pinned magnetic layer 109. 

As shown in Fig. 35, the magnetic moment of the second 





pinned ferromagnetic sublayer 105c lying in the vicinity of 
the free magnetic layer 107 and the magnetic moment of the 
third pinned ferromagnetic sublayer 109a lying in the 
vicinity of the free magnetic layer 107 are oriented in the 
same direction. Thus, the magnetoresistive effect generated 
by the interaction between the free magnetic layer 107 and 
the first pinned magnetic layer 105 and the magnetoresistive 
effect generated by the interaction between the free 

Q 

q magnetic layer 107 and the second pinned magnetic layer 109 

s - 

do not counteract, resulting in a high rate of change in 
magnetoresistance of the spin-valve thin-film magnetic 
element 101. 

The first, second, third, and fourth pinned 
ferromagnetic sublayers 105a, 105c, 109a, and 109c, 
respectively, are composed of a NiFe alloy, elemental Co, a 
CoNiFe alloy, a CoFe alloy, a CoNi alloy, or the like, and 
preferably composed of elemental Co. Preferably, the first, 
second, third, and fourth pinned ferromagnetic sublayers 
105a, 105c, 109a, and 109c, respectively, are composed of 
the same material. 

The first nonmagnetic interlayer 105b and the second 
nonmagnetic interlayer 109b are preferably composed of at 
least one metal of Ru, Rh, Ir, Cr, Re, and Cu and more 
preferably Ru. 

Each of the first pinned ferromagnetic sublayer 105a 
and the fourth pinned ferromagnetic sublayer 109c has a 
thickness in the range of 1 nm to 3 nm. Each of the second 
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pinned ferromagnetic sublayer 105c and the third pinned 
ferromagnetic sublayer 109a has a thickness in the range of 
2 nm to 3 nm. Each of the first nonmagnetic interlayer 105b 
and the second nonmagnetic interlayer 109b has a thickness 
in the range of 0.7 nm to 0.9 nm. 

Each of the first pinned magnetic layer 105 and the 
second pinned magnetic layer 109 has two pinned 
ferromagnetic sublayers (first, second, third, and fourth 
pinned ferromagnetic sublayers 105a, 105c, 109a, and 109c, 
respectively). Alternatively, each layer may have three or 
more pinned ferromagnetic sublayers. In such a case, it is 
preferable that these pinned ferromagnetic sublayers be 
separated by nonmagnetic interlayers and the magnetic 
moments of two adjacent pinned ferromagnetic sublayers be 
antiparallel to each other so that the overall layer is in a 
f errimagnetic state . 

Accordingly, the first and second pinned magnetic 
layers 105 and 109, respectively, exhibit synthetic 
f errimagnetism and the magnetic moments thereof are firmly 
pinned . 

The first and second nonmagnetic conductive layers 106 
and 108 moderate magnetic coupling between the free magnetic 
layer 107 and the first pinned magnetic layer 105 and 
between the free magnetic layer 107 and the second pinned 
magnetic layer 109 , respectively . Furthermore, a sensing 
current primarily flows in the first and second nonmagnetic 
conductive layers 106 and 108, respectively. Thus, the 
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first and second nonmagnetic conductive layers 106 and 108 , 
respectively, are preferably composed of a conductive 
nonmagnetic material , such as Cu, Cr, Au, and Ag, and more 
preferably composed of Cu. The first and second nonmagnetic 
conductive layers 106 and 108 , respectively , preferably have 
a thickness in the range of 2 rim to 3 nm. 

The first antif erromagnetic layer 104 extends to both 
sides in the X 1 direction compared with the free magnetic 
layer 107. The insulating layers 130, the hard bias layers 
132 , the insulating layers 133, and the lead layers 134 are 
deposited in that order on the extensions 104a of the first 
antif erromagnetic layer 104. 

Bias underlayers 131 composed of Ta, W, or Cr are 
disposed between the insulating layers 130, which are 
located on the extensions 104a and side faces 112b of the 
laminate 112, and the hard bias layers 132. When the hard 
bias layers 132 composed of Cr are formed on the bias 
underlayers 131, the hard bias layers 132 have a large 
coercive force and a large remanence ratio, thus increasing 
a bias magnetic field which is required for single-domain 
alignment of the free magnetic layer 107. 

The hard bias layers 13 2 are composed of, for example, 
a CoPt alloy and are provided at both sides of the laminate 
112 in the X x direction (track width direction). Since the 
hard bias layers 132 are disposed at both sides of the free 
magnetic layer 107 in the X x direction, a bias magnetic 
field is effectively applied to the free magnetic layer 107, 
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and the magnetic moment of the free magnetic layer 107 are 
aligned, thus reducing Barkhausen noise. 

The side faces 112b of the laminate 112 are covered by 
the insulating layers 130 which extend from between the hard 
bias layers 132 and the extensions 104a to between the side 
faces 112b and the hard bias layers 132. 

The hard bias layers 132 are covered by the insulating 

fr* layers 133 which extend to cover the side faces 112b and 

w 

P both top ends 112a of the laminate 112 in the X x direction. 

y* 

U1 The insulating layers 133 are joined to the insulating 

O 

*Q layers 130 at the side faces 112b of the laminate 112. The 

c . 

3 top ends 112a are adjacent to the hard bias layers 132. 

H Preferably, the insulating layers 13 0 and the 

m 

insulating layers 13 3 are composed of the same material as 
that for the insulating layers 30 and the insulating layers 
33 in the third embodiment and have the same thickness as 
that of the insulating layers 30 and the insulating layers 
33. 

The lead layers 134 are formed on the hard bias layers 
132 separated by the insulating layers 133, and extend 
toward the center of the laminate 112 compared with the 
insulating layers 133. In other words, the lead layers 134 
have overlay sections 134a, and edges 134b thereof extend 
toward the center of the laminate 112 and are in contact 
with the laminate 112. 

The two lead layers 134 are disposed at a distance Tw 
in the X x direction. This distance Tw defines an optical 
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track width of the spin-valve thin-film magnetic element 101. 

A preferred width W x of the overlay sections 134a and a 
preferred width W 2 of the edges 13 4b are the same as those 
in the third embodiment. 

The lead layers 134 are in contact with the laminate 
112 only at the edges 134b thereof and are insulated from 
the laminate 112 and the hard bias layers 132 by the 
insulating layers 133 at the other portions. 

Thus, a sensing current from one lead layer 134 flows 
into the laminate 112 only through one edge 134b and then 
into the other lead layer 134 through the other edge 134b, 
as shown* by arrows J in Fig. 35. 

Since the lead layers 134 are insulated from the hard 
bias layers 132 by the insulating layers 133 and since the 
hard bias layers 132 are insulated from the side faces 112b 
of the laminate 112 by the insulating layers 130, the 
sensing current does not flow through the hard bias layers 
132 into the side faces 112b and the top ends 112a. 

Moreover, the insulating layers 133 between the overlay 
sections 134a and the top ends 112a of the laminate 112 
prevent leakage of the sensing current therebetween. 

Accordingly, in this spin-valve thin-film magnetic 
element 101, the sensing current is concentrated into the 
sensitive region S in the center which is not provided with 
the lead layers 134, like the spin-valve thin-film magnetic 
element 1 in the third embodiment. 

In contrast, in regions covered by the edges 134b of 
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the lead layers 134 and the insulating layers 133, the 
sensing current is low. These regions exhibit a poor MR 
effect and thus low detection sensitivity to the leakage 
magnetic field. In particular, the sensing current does not 
flow into the top ends 112a covered by the insulating layers 
133, and the these top ends 112a do not have sensitivity to 
the leakage magnetic field from the magnetic recording 
medium. These regions are referred to as insensitive 
regions N, as shown in Fig. 35. 

As described above, the laminate 112 is divided into 
the sensitive region S, which contributes to reading the 
recording magnetic field from the magnetic recording medium, 
and the insensitive regions N, which does not contribute to 
reading the recording magnetic field. Since the width Tw of 
the sensitive region S corresponds to the track width, the 
track width of the spin-valve thin-film magnetic element 101 
can be reduced. 

Moreover, the sensitive region S of the laminate 112 is 
distant from the hard bias layers 132; hence, the sensitive 
region S is not pinned by a strong bias magnetic field, 
resulting in improved output characteristics of the spin- 
valve thin-film magnetic element 101. 

Since the insulating layers 133 and the insulating 
layers 130 prevent the sensing current from flowing in the 
top ends 112a of the laminate 112, the top ends 112a do not 
exhibit an MR effect. Thus, the spin-valve thin-film 
magnetic element 101 does not generate side reading. 



Additionally, although the insulating layers 133 extend 
over the side faces 112b and the top ends 112a in the spin- 
valve thin- film magnetic element 101 in this embodiment, the 
insulating layers 130 may be formed to extend to the top 
ends 112a, like the insulating layers 30 shown in FIG. 20. 

In a method for making the above-mentioned spin-valve 
thin-film magnetic element 101, the first ant if erromagnetic 
layer 104, the first pinned ferromagnetic sublayer 105a, the 
first nonmagnetic interlayer 105b, the second pinned 
ferromagnetic sublayer 105c, the first nonmagnetic 
conductive layer 106, the first antidif fusion sublayer 107a, 
the free ferromagnetic sublayer 107b, the second 
antidif fusion sublayer 107c, the second nonmagnetic 
conductive layer 108, the third pinned ferromagnetic 
sublayer 109a, the second nonmagnetic interlayer 109b, the 
fourth pinned ferromagnetic sublayer 109c, the second 
ant if erromagnetic layer 110, and the protective layer 111 
are deposited in that order in the laminate forming step. 
The other steps are the same as those in the third 
embodiment. That is, the spin-valve thin-film magnetic 
element 101 according to the fourth embodiment can also be 
made by any one of the two methods described in the third 
embodiment. 

The present invention may have any modification of the 
above embodiments . 

For example, in the third embodiment, the free magnetic 
layer 7 may have a ferromagnetic single-layer structure or a 
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ferromagnetic-ant idif fusion double-layer structure, in place 
of the ferromagnetic-nonmagnetic-ferromagnetic triple-layer 
structure. Similarly , the pinned magnetic layer 5 may have 
a ferromagnetic single-layer structure. 

In the third embodiment , the free magnetic layer 7 and 
the protective layer 8 may be separated by a back layer. 
The back layer extends the mean free path of spin-up 
conduction electrons and thus increases the rate of change 
in resistance of the magnetoresistive element. 

In the third embodiment, the laminate 9 may have a top- 
type single spin-valve configuration in which the 
ant if erromagnetic layer lies at a position distant from the 
lower insulating layer (substrate) rather than the free 
magnetic layer. In the top-type configuration, for example, 
the underlayer, the free magnetic layer, the nonmagnetic 
conductive layer, the pinned magnetic layer, the 
ant if erromagnetic layer, and the protective layer may be 
deposited in that order. 

In the fourth embodiment, the free magnetic layer 107 
may be a composite of two free ferromagnetic layers 
separated by a nonmagnetic conductive layer. These free 
ferromagnetic layers are antif erromagnetically coupled. 

The first pinned magnetic layer 105 and/or the second 
pinned magnetic layer 109 may have a ferromagnetic single- 
layer structure. 

In the individual embodiments, the bias underlayers 31 
or 131 may be omitted, and in such a case, the hard bias 
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layers may be composed of a laminate including a FeCo film 
and a CoPt film. 

In the spin-valve thin-film magnetic element according 
to the third or fourth embodiment, the magnetic moment of 
the pinned magnetic layer may be pinned by a sensing current 
magnetic field which is generated by the sensing current, in 
place of the ant if erromagnetic layer. 



